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	Semiconductor	 nanowires	 have	 been	 the	 spotlight	 of	 the	 last	 two	 decades	 owing	 to	 their	novel	properties	and	quantum	confinement	properties	with	their	unique	rod-like	structure.	In	particular,	 III-V	semiconductor	nanowires	have	been	shown	as	promising	candidates	 to	serve	as	building	blocks	in	electronic	and	optoelectronic	devices	such	as	transistors,	lasers,	light	emitting	diodes,	photodiodes	and	solar	cells.	Among	the	III-V	semiconductors,	ternary	III-V	 alloy	 semiconductors	 such	 as	 InxGa1-xAs	 have	 the	 advantage	 of	 tunable	 bandgap	 by	varying	 their	alloy	composition.	 InxGa1-xAs	has	a	bandgap	 that	 is	 tunable	 in	between	GaAs	(870	 nm)	 to	 InAs	 (3500	 nm)	 covering	 the	 important	 wavelengths	 used	 in	 optical	telecommunication	systems	and	sensing	in	near	infra-red	region.	Therefore,	it	is	essential	to	gain	 an	 understanding	 and	 control	 of	 ternary	 nanowires	 in	 terms	 of	 their	 composition,	crystal	structure	and	morphology	prior	to	incorporating	them	in	device	applications.			This	 thesis	presents	a	progressive	advancement	of	Au-seeded	 InxGa1-xAs	nanowire	growth	by	 metal-organic	 vapour	 phase	 epitaxy	 (MOVPE),	 towards	 achieving	 highly	 uniform	composition,	morphology	and	pure	crystal	phase.	Several	 techniques	have	been	employed	to	 investigate	 the	 nanowire	 properties.	 Scanning	 and	 transmission	 electron	 microscopy,	atomic	force	microscopy,	X-ray	diffraction	(XRD)	and	energy	dispersive	X-ray	spectroscopy	(EDX)	have	been	used	 for	structural	and	compositional	analysis,	while	photoluminescence	(PL)	has	been	used	to	provide	insight	into	their	optical	properties.		Pure	zinc-blende	(ZB)	phase	InxGa1-xAs	nanowires	are	obtained	via	two-temperature	growth	method.	The	 two-temperature	growth	method	 involves	growing	an	 initial	 stub	at	a	higher	temperature.	Then,	a	lower	growth	temperature	is	employed	as	the	growth	continues.	Low-temperature	growth	is	 found	to	be	a	non-competitive	regime	for	the	two	group	III	species	favouring	 higher	 In	 concentration	 to	 be	 incorporated	 into	 the	 nanowire	 either	 via	 the	vapour-liquid-solid	 (VLS)	mode	 or	 the	 vapour-solid	 (VS)	mode	 on	 the	 nanowire	 sidewall.		InxGa1-xAs	nanowires	with	highly	homogenous	composition	and	pure	ZB	phase	are	achieved	when	the	In	incorporation	rates	in	both	modes	are	equivalent.			
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	InxGa1-xAs	system	is	one	of	the	most	interesting	III-V	ternary	alloy	semiconductors	because	of	several	key	properties	such	as	very	high	carrier	mobility	(µe=~10000	cm2V-1s-1,	µh=~300	cm2V-1s-1)	 and	 a	 large	 range	 of	 direct	 bandgaps	 tunable	 between	 InAs	 and	 GaAs.	 For	example,	InxGa1-xAs	can	be	tuned	to	the	telecommunication	wavelengths	range	of	1.3	-	1.55	µm	 (0.80	 -	 0.95eV)	 and	 to	 an	 even	 longer	 wavelength	 (near	 infra-red,	 NIR)	 region	 for	detection	 applications	 such	 those	 used	 in	 agriculture	 at	 1.9	 µm	 (0.65	 eV)	 and	 in	environmental	monitoring	[12].		
	






The	lattice	constant	of	InxGa1-xAs		given	by	Vergard’s	Law		is:	a	=	6.0583	−	0.405	(1	−	x)		 	 	 	 	 	 (1.1)	At	room	temperature	(300	K)	the	dependency	of	the	energy	gap	on	the	In	content	x	can	be	calculated	using	an	equation	given	by	[13]	as	follows	:		Eg(x)	=	1.425	–	(1.501)	x	+	(2	0.436)	x2	eV	 	 	 	 (1.2)	 	 	 	InxGa1-xAs	can	be	lattice	matched	to	InP	by	tuning	the	composition	to	In0.53Ga0.47As	which	is	highly	 desirable	 especially	 in	 growing	 2-D	 structures	 where	 lattice-matching	 is	 required.	However,	 in	nanowire	 form,	a	higher	 level	of	 strain	 can	be	accommodated	 thus	 InxGa1-xAs	can	 be	 combined	 together	with	many	 other	materials	 such	 as	AlxGa1-xAs,	 InxGa1-xP,	 InxGa1-
xAsyP1-y	 a	 nanowire	 heterostructure	which	 can	 provide	 an	 extension	 to	 their	 tunability	 of	properties	 through	 bandgap	 engineering.	 Heterojunction	 is	 highly	 important	 in	 making	semiconductor	 devices	 [14].	 The	 concept	 of	 nanowire	 heterostructures	 will	 be	 further	discussed	in	chapter	2.	InxGa1-xAs	properties	together	with	other	advantages	of	nanowires	as	shall	 be	 discussed	 later	 in	 chapter	 2,	makes	 InxGa1-xAs	 nanowires	 desirable	 for	 nanowire	devices.	 In	 the	 following	 section,	 a	 review	 on	 ternary	 III-V	 nanowire	 growth	 including	InGaAs	nanowires	and	their	applications	are	presented.		
1.2	Ternary	III-V	semiconductor	nanowires	






ternary	 nanowires	 suffer	 from	 intrinsic	 issues	 of	 composition	 inhomogeneity	 or	 variation	over	 certain	 growth	 directions.	 Composition	 homogeneity	 is	 highly	 essential	 as	 a	prerequisite	to	use	III-V	ternary	nanowires	in	device	applications.	This	is	to	avoid	additional	problems	 such	 as	 severe	 electron	 scattering	 [17],	 induced	 strain	 field	 or	 any	 other	additional	problem	due	to	the	alloy	fluctuation	in	the	crystal,	such	as	alloy	ordering	affecting	the	 bandgap	 of	 the	 material	 [18].	 In	 addition	 to	 homogeneity,	 having	 control	 over	 the	composition	range	is	important	as	to	be	able	to	provide	the	range	of	properties	afforded	by	the	appropriate	choice	of	alloy	composition.		Nevertheless,	other	common	challenges	encountered	with	many	nanowires	such	as	controlling	 the	morphology	 and	 crystal	 structure	 of	 the	 nanowires	 are	 equally	 important	and	not	avoidable	for	III-V	ternary	nanowires	as	shall	be	discussed	later	 in	this	section.	 In	fact,	they	are	even	more	challenging	as	more	consideration	has	to	be	taken	into	account	for	the	 alloy	 composition.	 Hence,	 there	 is	 still	 plenty	 of	 room	 for	 further	 understanding	 and	optimizing	 ternary	 III-V	 nanowire	 growth	 for	 device	 applications.	 This	 section	 gives	 an	overview	of	the	existing	knowledge	on	growth	and	characteristic	properties	of	ternary	III-V	nanowires	 focusing	 on	 InxGa1-xAs	 nanowires	 including	 recent	 development	 of	 InxGa1-xAs	nanowire	device	applications.					
	
1.2.1	 	Growth	of	ternary	III-V	nanowires			As	 with	 other	 semiconductor	 nanowires,	 ternary	 III-V	 semiconductor	 nanowires	 can	 be	grown	 via	 the	 common	 nanowire	 growth	 methods	 such	 as	 vapour-liquid-solid	 (VLS)	(foreign	 metal	 seed	 or	 self-seeded)	 and	 direct	 (particle-free)	 vapour-solid	 (VS)	 growth	through	methods	 such	as	 selected-area	epitaxy	 (SAE).	These	basic	 concepts	of	 the	growth	methods	will	be	further	discussed	in	chapter	2.	In	this	chapter,	the	focus	is	to	give	a	review	on	 the	 progress	 and	 challenges	 of	 ternary	 III-V	 nanowire	 growth	 including	 InxGa1-xAs	nanowires.	The	review	is	split	into	the	two,	based	on	their	method	of	growth	to	provide	the	insight	on	the	different	challenges	faced	by	each	method.		
1.2.1.1	VLS	growth	of	ternary	III-V	nanowires	
























spontaneously	formed	segregation	can	be	beneficial	in	designing	the	quantum	confinement	region	within	a	nanowire	[60].		Overall	from	these	reports,	VLS	ternary	III-V	nanowires	including	InGaAs	are	yet	to	be	 optimised	 for	 simultaneously	 achieving	 composition	 homogeneity,	 crystal	 phase	
purity	 and	 desirable	 untapered	 vertical	 morphology	 suitable	 for	 device	 applications.	Correlation	between	crystal	phase	and	composition	has	been	presented	and	remains	as	an	interesting	 area	 to	 be	 explored.	 Such	 observation	 can	 provide	 more	 knowledge	 on	 the	limitation	and	interplay	between	the	composition	and	crystal	phase	of	VLS	nanowires.	The	growth	 of	 VLS	 ternary	 III-V	 nanowires	 is	 certainly	 complex,	 particularly	 when	 involving	other	 metals	 such	 as	 Au.	 Understanding	 the	 growth	 mechanism	 behind	 all	 these	observations	 is	 required	 to	 control	 the	 growth	 of	 ternary	 nanowires	 with	 desired	properties.		
1.2.1.2		Particle/droplet	free	growth	of	InGaAs	nanowires		Apart	from	VLS	growth,	ternary	III-V	nanowires	can	also	be	grown	without	the	apparent	use	of	a	droplet.	Self-assembled	growth	of	InxGa1-xAs	nanowires	grown	on	Si	reported	by	Shin	et	






uniform	 arrays	 contributing	 to	 a	 more	 uniform	 composition	 of	 InGaAs	 among	 the	nanowires.	However	these	nanowires	grown	by	particle-free	SAE	methods	still	suffer	from	a	high	density	of	stacking	faults	[65]–[70].			From	the	limited	amount	of	particle-free	growth	of	ternary	InGaAs	nanowires,	it	can	be	 concluded	 that	 these	 nanowires	 can	 be	 obtained	 with	 uniform	 composition	 far	 more	easily	due	to	the	absence	of	a	metal	seed	which	creates	anisotropy	in	adatom	incorporation.	However	 this	 growth	method	 still	 faces	 severe	 challenges	 such	 as	 the	 lack	 of	 the	 crystal	phase	 purity	 or	 the	 limitation	 in	 certain	 cases	 to	 tunability	 over	 a	 restricted	 composition	range.		
	








In	 summary,	 the	 brief	 review	 of	 the	 growth	 of	 ternary	 group	 III-V	 has	 been	 presented.	Ternary	III-V	nanowires	are	challenging	due	to	the	composition	inhomogeneity	of	the	alloy	within	the	nanowire.	Despite	some	of	the	reported	composition	homogeneity,	there	are	still	some	issues	such	as	defects,	crystal	phase	control,	tapering,	and	time	dependent	limitation	as	presented	briefly	in	this	chapter.	Hence,	this	thesis	is	devoted	towards	understanding	the	growth	of	one	ternary	alloy	 III-V	semiconductor,	InGaAs.	The	objective	 is	 to	gain	 in-depth	knowledge	 of	 how	 Au-seeded	 InGaAs	 nanowires	 grow	 under	 different	 growth	 conditions	and	 how	 to	 control	 the	 growth	 and	 properties	 of	 these	 Au-seeded	 InGaAs	 nanowires	 to	simultaneously	achieve	desired	morphological,	crystal	phase	and	composition	homogeneity.	Composition	tunability	and	the	effect	of	composition	on	the	crystal	structure	are	two	other	interesting	areas	to	be	further	understood	in	order	to	be	able	to	control	growth	of	ternary	nanowires.	By	having	control	of	the	composition	of	ternary	nanowires	and	their	structural	properties,	 more	 complex	 heterostructures	 and	 devices	 can	 be	 realised	 with	 improved	performance.			
1.3	Thesis	synopsis	
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	This	 chapter	 introduces	 the	 general	 concepts	 used	 throughout	 the	 thesis.	 It	 specifically	focuses	 on	 semiconductor	 nanowire	 growth	 principles	 and	 their	 structural	 properties.	These	 concepts	 make	 up	 the	 foundation	 for	 the	 interpretation	 and	 discussion	 of	 results	presented	in	chapters	4	to	7.	Sections	2.1	to	2.3	briefly	introduce	semiconductor	nanowires,	their	 heterostructures	 and	 applications.	 This	 is	 followed	 by	 nanowire	 growth	 concepts	 in	section	2.4,	 focusing	exclusively	on	metal	 seeded	nanowire	growth	via	vapour-liquid-solid	(VLS)	 mechanism.	 This	 section	 also	 includes	 the	 challenges	 faced	 in	 growing	 nanowire	heterostructures	by	VLS.	The	chapter	 then	continues	with	 III-V	nanowire	crystal	structure	including	a	brief	discussion	of	crystal	phase	control	reported	for	III-V	Au	seeded	nanowires.		
	
2.1	 Semiconductor	nanowires	







counterparts.	For	example,	 the	small	diameter	allows	 for	quantum	confinement	 in	 the	1-D	direction,	thereby	enabling	the	tuning	of	the	optical	and	electrical	properties	with	diameters	[1]–[4].	The	large	surface	area	of	nanowires	and	proximity	of	the	surface	to	the	core	make	them	sensitive	to	changes	on	the	surface	thus	making	them	suitable	for	applications	such	as	chemical/biological	 sensors	 [5]	 and	 gas	 detectors	 [6].	 Additionally,	 their	 large	 surface-to-volume	 ratio	 also	 enables	 effective	 strain	 release	 which	 is	 an	 advantage	 for	 various	heterostructures	required	for	semiconductor	devices	[7].	Furthermore,	their	geometry	also	makes	 them	 great	 optical	 cavities,	 perfect	 for	 making	 tiny	 lasers	 [8]–[11].	 This	 is	 highly	promising	 for	 integration	with	nanoscale	electronics	enabling	smaller,	yet	more	 functional	devices	for	the	future.		Another	 advantage	 of	 nanowires	 is	 the	 ability	 to	 grow	 in	 different	 crystal	 phase	unlike	bulk	 semiconductors.	 For	 example,	many	 III-V	nanowires	 can	 grow	 in	 the	wurtzite	(WZ)	 phase	 whereas	 in	 the	 bulk	 form	 they	 exist	 as	 zinc-blende	 (ZB)	 phase.	 WZ	 and	 ZB	crystal	 phases	 have	 different	 bandstructures,	 which	 can	 provide	 another	 avenue	 for	tunability.	This	shall	be	further	discussed	in	section	2.4.	Due	to	these	interesting	properties,	nanowires	offer	many	opportunities	for	building	nanoscale	 electronic	 and	 optoelectronic	 devices.	 In	 the	 electronics	 field,	 nanowire	transistors	have	been	realized	[12]–[19]	which	shows	the	potential	in	further	reducing	the	size	 of	 electronic	 chips	 and	 increasing	 the	 speed	 of	 devices.	 Multi-colour	 lasers	 [9],	 light	emitting	 diodes	 (LED)	 [20]–[22],	 solar	 cells	 [23]–[25]	 and	 photodetectors	 [26],	 [27]	 are	some	 other	 optical	 devices	 that	 have	 been	 demonstrated	 with	 nanowires.	 Furthermore,	nanowires	 show	 the	 prospect	 for	 water	 splitting	 applications	 [28]	 and	 self-powering	sensors	[29].	Nanowires	are	also	suitable	for	energy	conversion	other	than	solar	cells	such	as	 electrochemical	 energy	 storage	 and	 thermoelectric	 applications	 [30],	 [31].	 Other	potential	nanowire	applications	also	include	bio-applications	such	as	single	cell	endoscopy	[32].		
	
2.2	Semiconductor	nanowire	heterostructures	







materials	 in	 the	 growth	 chamber	 and	 growing	 in	modes	 that	 favour	 axial	 growth.	 On	 the	other	hand,	 figure	2.1	(b)	shows	a	radial	heterostructure	nanowire	by	switching	materials	and	growing	in	a	mode	that	favours	radial	growth.		Due	to	the	small	dimensions	of	nanowires,	quantum	dots	(QD)	or	quantum	discs	can	be	created	 within	 the	 nanowire	 structure	 simply	 by	 tuning	 the	 thickness	 of	 the	 axial	heterostructures	(figure	2.2	(a)).		A	similar	approach	in	radial	heterostructures	results	in	a	quantum	well	(QW)	tube	as	shown	in	figure	2.2	(b).	Figure	2.2	(c)	shows	an	example	of	the	bandgap	 of	 a	 heterojunction	 where	 electrons	 are	 confined	 in	 the	 thin	 layer	 of	 a	 smaller	bandgap	material.		
	
Figure	 2.1:	 Schematic	 diagrams	 of	 nanowire	 heterostructures.	 (a)	 axial	 nanowire	heterostructure	(b)	radial	(core-shell)	nanowire	heterostructure.	
	 	







Forming	quantum	wires	 and	0D	quantum	dots	 along	 the	nanowire	 length	 are	 also	feasible	by	selectively	growing	these	confined	regions	on	certain	facets	or	edges	[33],	[34].	Figure	2.3	shows	the	schematic	of	these	structures	and	their	cross-sections	as	adapted	from	[33],	[34].	 	
	








Figure	2.4:	Calculated	band	structure	of	InAs/GaAs	core-shell	structure	showing	a	change	of	band	alignment	with	the	core	radius/total	radius	ratio.	A	typical	band	diagram	on	the	right	is	taken	for	the	core	radius/total	radius	ratio	of	0.2.	Image	is	taken	from	[39].		 Although	 nanowire	 heterostructures	 can	 be	 fabricated	 and	 designed	 as	 discussed	here,	 there	 are	 challenges	 in	 relation	 to	 their	 growth	 that	 can	 be	 unfavourable.	 Such	challenges	will	later	be	presented	in	section	2.3.4.		







An	 example	 of	 the	 growth	 process	 for	 Au-seeded	 Si	 nanowire	 is	 shown	 in	 the	schematic	 in	 figure	 2.5.	 In	 growth	 of	 III-V	 semiconductor,	 the	 growth	 proceeds	 in	 similar	manner	although	slightly	more	complex	with	more	elements	involved	in	the	process.	The	Au	nanoparticles	first	react	with	the	substrate	or	reactant	species	and	create	a	eutectic	alloy	of	Au-reactants.	 With	 subsequent	 supply	 of	 reactants,	 the	 Au	 alloy	 nanoparticles	 become	supersaturated	 and	 crystal	 nucleation	 begins	 at	 the	 interface	 of	 the	 liquid	 alloy	 and	 the	substrate.	 As	 reactants	 supply	 continues,	 the	 crystal	 grows	 in	 a	 way	 that	 it	 is	 elongated	beneath	 the	 particle	 forming	 nanowires.	 The	 nanowire	 growth	 direction	 depends	 on	 the	total	 free	energy	of	the	system	and	the	free	energy	of	the	particle/substrate	 interface.	The	nucleation	 theory	 of	 catalyst-assisted	 nanowire	 growth	 is	 presented	 in	 detail	 in	 section	2.3.1.	
	







and	SiNx	are	among	the	common	mask	materials	employed	for	this	method.		The	mechanism	behind	 the	 growth	 relies	 on	 the	 fact	 that	 nanowires	have	 a	 preferential	 growth	direction.	This	direction	is	typically	in	either	<111>A	or	<111>B.	As	the	crystal	grows	within	the	holes	of	 the	 mask,	 the	 preferential	 growth	 direction	 will	 guide	 the	 morphology	 of	 the	 crystal,	forming	 nanowires	with	 certain	 facets	 based	 on	 the	 lowest	 surface	 energy.	 Although	 SAE	growth	produces	a	highly	uniform	array	of	nanowires,	the	throughput	is	much	smaller	due	to	the	time	consuming	and	cost	issues	related	to	mask	preparation.		On	the	other	hand,	Au-seeded	nanowire	growth	can	be	produced	 in	higher	yield	as	required	 for	 large-scale	mass	production.	 Furthermore,	 Au-seeded	 VLS	 nanowire	 is	 now	 very	 mature	 for	 binary	 III-V	systems,	 which	 helps	 both	 in	 terms	 of	 control	 (e.g.	 phase	 purity	 and	 complex	heterostructures	[47]–[50]	and	understanding	via	in-situ	TEM	studies	[51]).	Hence,	VLS	Au-seeded	 growth	 is	 used	 throughout	 this	 thesis	 and	 shall	 be	 further	 elaborated	 in	 the	 next	section.	
	
Figure	 2.6:	 Schematic	 of	 selective-area	 growth	 of	 nanowires	 using	 a	 combination	 of	processes	 involving	 deposition	 of	 the	 mask,	 electron	 beam	 lithography,	 and	 growth	 of	epitaxial	nanowires.	
	







nanowires	after	they	have	been	formed	[52]–[54].		 A	schematic	of	the	VLS	growth	is	shown	in	figure	2.7	showing	the	components	of	the	three-phase	 system,	 the	 supply	 (vapour),	 collector	 (liquid)	 and	 the	 crystal	 (solid).	 Δ𝜇!" 	 ,	Δ𝜇!" 	 and	Δ𝜇!" 	 are	 the	 chemical	 potential	 difference	 (supersaturation)	 between	 the	 three	phases	 (e.g.	Δ𝜇!" 	 is	 between	 supply	 and	 crystal).	 The	 triple	 phase	 boundary	 (TPB)	 is	 the	perimeter	around	the	particle-nanowire	interface	known	as	the	growth	front	[52]–[54].		 	
		







The	growth	rate	is	given	by	the	classical	Zeldovich	nucleation	rate	as	follows:				𝐽 = 𝑛ΓCv exp (!!!!" )	 	 	 	 	 	 (2.2)		where	 v	 is	 the	 frequency	 of	 attachment	 of	 molecules	 at	 the	 growth	 interface,	 Γ	 is	 the	Zeldovich	 factor	 dependent	 on	 the	 change	 in	Gibbs	 free	 energy	 of	 nucleation	Δ𝐺,	 thermal	energy	 𝑘𝑇,	 number	 of	 molecules	 in	 nucleus	 𝑛	 and	 𝐶	 is	 the	 concentration	 of	 the	 growth	species	in	the	supply	phase	[52].			








Figure	2.8:		Ternary	phase	diagram	for	a)	Au-Ga-As	and	b)	Au-In-As.	Reproduced	from	[58].	Due	 to	 the	small	amount	of	As	presence	 in	 the	Au	particle	 (measured	post-growth	[59],	[60]),	the	ternary	Au-In-Ga	phase	diagram	could	be	considered	in	providing	a	view	of	the	 possible	 phase	 of	 the	 Au	 alloy	 during	 growth	 of	 Au-seeded	 InGaAs	 nanowires.	 A	calculated	monovariant	Au-In-Ga	has	recently	been	reported	by	Ghasemi	et	al.	[61]	together	with	their	experimental	investigation	as	shown	in	figure	2.9.	From	the	diagram,	the	possible	liquid	 phase	 of	 Au-In-Ga	 can	 be	 extracted	 which	 can	 be	 used	 to	 predict	 the	 ternary	composition.	 The	 Au-In-Ga	 ternary	 phase	 is	 used	 in	 understanding	 the	 growth	 of	 InGaSb	nanowires	reported	by	Ghalamestani	et	al.	[62].	
	







Although	the	phase	diagram	may	assist	in	understanding	the	resulting	phase	of	the	alloy	particle	[63],	the	exact	phase	can	be	difficult	to	assess.	This	is	due	to	few	reasons;	i)	the	small	 scale	 of	 the	 alloy	 particle	 which	 can	 be	 governed	 by	 the	 Gibbs-Thomson	 effect,	 ii)	challenge	 in	 determining	 alloy	 particle	 composition	 information	 during	 growth	 and	 iii)	possible	 melting-freezing	 hysteresis	 especially	 in	 growth	 conditions	 where	 there	 are	significant	 temperature	 changes	 during	 growth.	 With	 the	 complexity	 of	 a	 ternary	 or	quaternary	phase,	understanding	the	phase	of	the	alloy	particle	during	growth	can	be	more	challenging,	 and	 naturally	 more	 uncertainty	 can	 arise.	 Furthermore,	 group	 V	 such	 as	 As	could	be	well	 involved	 in	 the	Au	alloy	particle	and	cannot	be	simply	neglected	despite	 the	small	As	fraction	in	the	Au	alloy	found	post-growth.		















Hence,	 the	growth	of	nanowire	heterostructures	 remains	as	an	 interesting	area	 to	 further	explore	and	understand	 towards	optimizing	more	 complex	heterostructures	 in	 the	 future.	Chapter	7	of	this	thesis	explores	the	growth	of	WZ	and	ZB	phase	InxGa1-xAs/InxGa1-xP	core-shell	nanowire	heterostructures.		
2.4	III-V	nanowire	crystal	structure		As	previously	mentioned,	nanowires	may	grow	 in	a	different	crystallographic	 sequence	 to	their	bulk	counterparts.	The	most	common	crystal	structures	for	III-V	nanowires	are	ZB	and	WZ	crystal	phase.	Although	very	similar,	these	two	phases	can	be	easily	distinguished	under	transmission	 electron	 microscopy	 (TEM).	 	 Figure	 2.10	 depicts	 the	 structural	 difference	between	 the	 ZB	 and	WZ	 crystal	 phase.	 Along	 (111),	 the	 stacking	 sequence	 of	 a	 ZB	 phase	follows	the	pattern	ABCABCA	while	in	WZ	phase	in	ABABABA.			
	







unit	of	WZ	phase	as	underlined	 in	 the	 sequence	ABCACABC.	 In	WZ	phase,	 a	 stacking	 fault	can	occur	when	the	sequence	is	misplaced	forming	the	sequence	ABABCBCB	where	ABC	is	a	ZB	unit	within	the	surrounding	WZ.	To	observe	these	sequences,	nanowires	are	examined	in	TEM	in	the	zone	axis,	[110]	for	ZB	phase	or	[1120]	for	WZ	phase.	Sourribes	et	al.	2014	[85]	have	presented	various	 types	of	planar	defects	and	 its	 stacking	 sequence	with	 three	main	categories	as	shown	in	figure	2.11	with	the	respective	TEM	images.						
	







phase	[48],	 [96],	 [102]–[104].	Lehmann	et	al.	 [102]	observed	that	WZ	to	ZB	transition	can	occur	on	both	sides	of	the	V/III	ratio	regime	with	WZ	being	in	the	mid-range	and	are	highly	sensitive.	 WZ/ZB	 crystal	 phase	 switching	 has	 also	 been	 reported	 with	 sources	 supply	pulsing	 [47],	 [105].	 From	 these	 reports,	 it	 can	 be	 clearly	 observed	 that	 crystal	 phase	 is	highly	affected	by	either	group	III	or	V	species	via	 the	change	 in	 the	surface	energy	at	 the	nanowire-particle	 interface	 affecting	 the	 supersaturation.	 Chapters	 4	 and	 5	 of	 this	 thesis	discuss	some	of	the	findings	required	to	optimize	the	crystal	phase	purity	and	phase	control	of	InxGa1-xAs	nanowires.			
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Overview		This	 chapter	 discusses	 the	 experimental	 techniques	 and	 procedures	 used	 throughout	 the	thesis	 for	 sample	 growth,	 and	 structural	 and	 optical	 characterisation.	 Basic	 principles	 of	each	technique	are	briefly	discussed	and	the	main	methods	of	analysis	are	presented.	







The	 chapter	 begins	 with	 the	 basics	 involved	 in	 growth	 of	 nanowire	 by	 MOVPE	followed	 by	 the	 characterisation	 of	 the	 nanowires	 using	 electron	 microscopes,	 SEM	 and	TEM.	Then,	the	basic	STEM-EDX	operation	and	how	EDX	quantitative	analysis	is	being	used	in	 my	 experimental	 work	 in	 determining	 the	 composition	 of	 InxGa1-xAs	 nanowires	 is	explained.	PL	experimental	setup	is	discussed	in	the	last	section	of	this	chapter.	
3.2	Metal-Organic	Vapour	Phase	Epitaxy	(MOVPE)	
3.2.1	Basic	principles	of	MOVPE		MOVPE	 is	 one	 of	 the	 methods	 used	 to	 grow	 crystalline	 materials.	 Epitaxy	 refers	 to	 the	deposition	 of	 thin	 crystalline	 layers	 on	 a	 similar	 crystalline	 substrate.	 MOVPE	 involves	 a	highly	 complex	 process	 in	 which	 the	 crystals	 are	 formed	 by	 chemical	 reactions	 at	 an	elevated	 temperature	 ambient.	 	 There	 are	 many	 processes	 that	 can	 occur	 in	 parallel	 or	series	prior	 to	deposition/epitaxy.	Some	examples	of	 these	processes	 involved	 include	gas	phase	reactions,	adsorption,	surface	diffusion,	redesorption,	desorption,	nucleation	and	step	growth	as	shown	in	figure	3.1.		
	







Ga(CH3)3	+	AsH3	à	GaAs	+	3CH4	Different	 precursors	 and	 various	 combinations	may	 be	 used	 to	 produce	 various	 types	 of	crystals.	For	 the	growth	of	 InxGa1-xAs	nanowire,	MO	precursors	commonly	used	are	TMGa,	TMIn	and	AsH3.	The	decomposition	of	each	precursor	varies	depending	on	the	temperature	and	 the	 ambient	of	 the	 reactor.	 For	 example,	TMIn	has	 lower	decomposition	 temperature	than	TMGa	[2].			 	









3.2.2.1	Gas	delivery	system		The	gas	delivery	system	consists	of	stainless	steel	tubing,	manifolds,	purifiers,	filters,	valves,	pressure	controllers	(PC)	and	mass	flow	controllers	(MFC).	The	function	of	the	gas	delivery	system	 is	 to	 provide	 the	 right	 amount	 of	 precursors	 and	 carrier	 gases	 into	 the	 reactor	growth	chamber.		All	the	metal-organic	precursors	required	for	the	growth	are	transported	by	 a	 carrier	 gas	 (usually	 hydrogen)	 into	 the	 reactor	 via	 their	 own	 run	 lines	 and	will	 only	meet	at	the	reactor	growth	front.	These	actions	are	made	possible	with	pressure-balanced	switching	manifolds	that	can	prevent	transient	flow	and	pressure	condition	that	can	affect	the	 growth	 chamber.	 In	 the	 switching	 manifold,	 individual	 precursor	 gas	 flow	 can	 be	switched,	 combined	 or	 routed	 to	 run	 or	 vent	 lines	while	maintaining	 a	 stable	 differential	pressure	between	run	and	vent	lines.		MO	precursors	 are	 contained	 in	 stainless	 steel	 bubblers	 in	which	 the	 temperature	and	 pressure	 are	 kept	 constant	 for	 a	 certain	 desirable	 flow	 throughout	 the	 growth.	 To	ensure	 the	 temperatures	 are	 kept	 constant,	 these	 bubblers	 are	 placed	 in	 a	 temperature	controlled	baths.	Carrier	gases	are	transported	through	the	bubblers	to	carry	the	precursor	vapour	 into	 the	reactor	(run	 line)	or	 through	the	vent	 line.	The	pressure	 in	 the	bubbler	 is	stabilised	 via	 a	 pressure	 controller.	 Figure	 3.3	 shows	 a	 schematic	 diagram	 of	 the	 MO	precursor	transport	system.	
	
Figure	 3.3:	 Schematic	 diagram	 of	 bubbler	 configuration	 of	 a	 standard	 bubbler.	 Adapted	from	[3].		 	The	 molar	 flow	 rate	 of	 a	 MO	 precursor	𝑄!" 	(mol/min)	 is	 calculated	 with	 the	following	equation:		







where	𝐹!"!!#$%& !"# 	is	the	flow	rate	of	the	gas	flowing	through	the	bubbler	(in	standard	cubic	centimeters	 per	 minute,	 sccm),	𝑃 	is	 the	 bubbler	 pressure	 (Torr),	𝑝(!",!) 	is	 the	 vapour	pressure	of	the	MO	(Torr)	at	bath	temperature	and	𝐶!"#	is	a	constant	for	molar	volume	of	an	ideal	gas	at	standard	temperature	(298.15K)	and	pressure	(760	Torr).		As	for	the	hydrides,	most	of	the	precursor	compounds	are	in	a	liquefied	gas	phase	in	high-pressure	cylinders	and	generally	are	transported	directly.	The	molar	flow	of	a	hydride	precursor	𝑄!!"#$"%(mol/min)	is	calculated	from	the	following	equation:	
𝑄!!"#$"% = !!!"#$"%!!"# 	 	 	 	 (3.2)	where	𝐹!!"#$"% 	is	the	flow	rate	of	the	gas	from	the	cylinder	(sccm),	which	is	regulated	by	a	mass	flow	controller.		 	
3.2.2.2	Reactor	system		The	direction	of	the	primary	flow	injection	into	the	chamber	generally	defines	the	chamber	geometries.	Horizontal	 reactors	have	gas	phase	precursors	 flowing	horizontally	 in	parallel	to	 the	 susceptor	 and	 the	 substrate,	while	 vertical	 flow	 reactors	 have	 gas	 phase	 precursor	flowing	 vertically	 normal	 to	 the	 susceptor	 and	 the	 substrate	 surface.	 In	 this	 thesis,	 the	MOVPE	used	 is	 a	horizontal	planetary	 reactor	 system.	The	 system	 is	designed	 to	 improve	uniformity	by	employing	two	modes	of	rotation.	The	main	susceptor	rotates	to	average	any	thermal	imbalance	while	the	satellite	discs	holding	the	substrates	on	the	susceptor	rotate	in	the	opposite	direction	to	average	radial	reactant	depletion.		







gas	 flow	 system,	 alarm	 and	 interlock	 system.	 	 Together	 with	 proper	 training,	 the	 safety	system	is	to	ensure	MOVPE	can	be	used	routinely	in	a	safe	manner.	






























3.3.2.1	Electron	guns		Electron	guns	 can	 either	be	 thermionic	 guns	or	 field	 emission	 guns.	Thermionic	 guns	 (eg.	tungsten	filament)	produce	electrons	by	applying	thermal	energy	onto	the	filament	to	emit	electrons.	The	electrons	are	then	accelerated	towards	an	anode.	Field	emission	guns,	on	the	other	 hand,	 use	 a	 very	 strong	 electric	 field	 to	 extract	 electrons	 from	 the	 filament.	 This	 in	turn	gives	a	brighter	source	as	compared	to	thermionic	guns.	However,	it	requires	a	higher	vacuum	condition	to	operate.		





















	In	this	thesis,	SEM	images	using	secondary	electron	mode	are	either	obtained	with	a	Zeiss	Ultra	FESEM,	FEI	Helios	600	Nanolab	or	FEI	Verios	system.	The	SEMs	are	normally	operated	with	 low	 voltage	 (1-3	 kV)	 and	 small	 apertures	 to	 obtain	 high	 resolution	 details	 of	 the	surface.	 The	 SEM	 images	 are	 used	 to	 determine	 the	 basic	 morphological	 detail	 of	 the	nanowires	 such	 as	 the	 facets,	 roughness	 and	 shape	 of	 the	 nanowires.	 	 Such	 information	generally	 gives	 more	 insight	 on	 what	 to	 expect	 when	 performing	 other	 characterization	such	 as	 TEM.	 Nanowire	 parameters	 such	 as	 their	 height,	 tapering	 factor	 and	 facets	 are	extracted	from	the	SEM	images.	This	is	basically	done	using	software	like	Image	J.	In	figure	3.8,	a	standard	evaluation	of	a	nanowire	is	shown.	Measurements	are	done	on	more	than	20	nanowires	for	each	sample	and	the	average	values	with	its	standard	deviations	are	used	for	plots	in	this	thesis.				
											 	
Figure	 3.8:	 Evaluation	 of	 nanowire	 dimensions	 from	 tilted	 SEM	 image	 and	 facet	determination	 from	 top	 view	 SEM	 image	 using	 calculated	 angles	 from	 the	 known	 cleaved	edge.	
3.4	Transmission	Electron	Microscopy	(TEM)	







screen	 or	 the	 charge	 couple	 device	 (CCD)	 camera	 by	 the	 objective	 lenses.	 TEM	 can	 be	operated	in	two	modes,	diffraction	and	imaging	mode.	Diffraction	pattern	(DP)	is	formed	on	the	 back	 focal	 plane	 of	 the	 objective	 lens.	 Images	 are	 formed	 on	 the	 image	 plane	 after	translated	by	the	objective	lens	and	the	intermediate	lenses.			
	

































3.5	 Scanning	 Transmission	 Electron	 Microscopy	 (STEM)	 and	
Energy	Dispersive	X-ray	(EDX)	Spectroscopy	
	








	As	represented	earlier	in	figure	3.5,	X-rays	can	be	produced	by	electron-sample	interaction.	X-rays	 are	 the	 inelastic	 scattering	 of	 electrons	 that	 can	 be	 triggered	 in	 two	 ways,	 the	Bremsstrahlung	 (continuum)	 or	 the	 characteristic	 x-ray	 emission.	 Bremsstrahlung	 X-rays	result	from	electrons	that	lose	energy	due	to	the	deceleration	when	it	interacts	with	an	atom	(figure	3.12	(a)).	The	emission	is	a	continuous	energy	spectrum	of	X-ray	photons	as	shown	in	figure	3.12(c).	Characteristic	X-rays	are	the	X-ray	emission	caused	by	the	transition	of	an	electron	from	an	inner	shell	towards	the	outer	shell.	This	transition	occurs	due	to	the	hole	created	in	the	first	place	by	high-energy	incident	electron	(figure	3.12(b)).	The	energy	of	the	X-ray	emission	is	equivalent	to	the	energy	level	difference	between	the	outer	and	inner	shell	electron	 involved	 in	 the	 transition.	 Hence,	 the	 characteristic	 X-ray	 emissions	 are	 seen	 as	sharper	peaks	in	the	spectra	with	the	wavelength	or	energy	representing	the	energy	of	the	atom	from	the	shell	or	subshell	concerned	(figure	3.12	(c)).	This	can	be	then	translated	into	determining	the	nature	of	the	atom	and	inner	shell	that	is	involved	in	the	process.	
	 		Figure	3.12:	(a-b)	The	process	of	Bremsstrahlung	and	characteristic	x-rays	emission	and	c)	an	example	of	EDX	spectrum	characterizing	the	Bremsstrahlung	and	the	characteristic	x-ray	emission	energy/wavelength.		







help	of	analysis	software	such	as	Analysis	Station	Software,	which	is	used	in	this	thesis.	The	intensity	of	the	peak	can	be	compared	qualitatively	from	one	sample	to	another	as	the	value	is	close	to	the	expected	signal	emitted	from	the	sample.	Qualitative	analysis	has	been	carried	out	in	this	thesis	for	determining	the	elements	in	the	Au-particle.	This	is	due	to	the	fact	that,	it	is	difficult	to	have	a	standard	reference	for	such	alloy	composition.	As	a	general	rule,	the	peak	that	will	be	considered	has	to	be	significant	(above	background	level)	and	this	usually	has	to	be	manually	checked	to	be	assured	that	the	automatic	qualitative	system	done	by	the	software	 is	correct.	Figure	3.13	shows	an	example	of	 the	spectrum	taken	 from	a	spot	EDX	analysis	 on	 the	 Au-particle	 alloy.	 From	 the	 spectrum	 it	 is	 clearly	 seen	 that	 there	 is	 no	significant	 Ga	 peak,	 hence	 the	 Ga	 element	 shall	 not	 be	 considered	 to	 be	 present	 in	 this	analysis.	This	step	is	important	for	element	pre-selection	for	the	quantitative	analysis.	
	
Figure	3.13:	 	Representative	of	an	EDX	spectrum	of	a	Au	particle	showing	the	selection	of	In,	Ga,	As	and	Au	(element	selection	are	highlighted	in	green).	The	Ga	and	As	peaks	are	by	common	sense	should	not	be	included	in	the	analysis	due	to	low	counts	almost	levelled	with	the	background	level.		 Quantitative	 analysis	 involves	 measuring	 the	 intensity	 of	 the	 spectral	 peaks	corresponding	 to	 pre-selected	 elements	 for	 both	 samples	 and	 standards	 under	 known	operating	 conditions,	 calculating	 intensity	 ratios	 (k	 values),	 and	 converting	 these	k	 values	into	 chemical	 concentration.	 The	 k	 values	 are	 the	 constant	 retrieved	 from	 the	 known	standard	of	two	elements,	A	and	B	with	the	following	equation	[7]:	





























Figure	 3.15:	 Schematic	 of	 the	 basic	 processes	 involved	 in	 a	 typical	 luminescence	experiment	in	optically	excited	semiconductors	representing	the	process	of	a)	excitation,	b)	interband	relaxation	and	c)	recombination.		With	 different	 variants	 of	 PL	 spectroscopy	 techniques	 such	 as	 temperature-dependent	PL	 and	excitation	power	dependent	PL,	 one	 can	determine	 the	bandgap	of	 the	material,	the	crystal	quality,	detect	impurity	level	and	defects	and	study	the	recombination	mechanisms	[8].	The	bandgap	of	a	semiconductor	material	depends	on	temperature	due	to	the	expansion	of	the	crystal	lattice.	 	Temperature	dependence	of	the	bandgap	can	be	fitted	using	the	empirical	Varshni	equation	given	by	the	following:	







defects	and	impurities	at	the	interfaces.	The	increase	in	intensity	with	the	excitation	power	should	provide	information	whether	this	is	the	case.	The	rate	of	recombination	at	these	sites	is	 proportional	 to	 the	 dominant	 carrier	 density,	 n.	 Discrete	 states	 can	 be	 filled	 as	 the	excitation	 power	 increases	 and	 bulk	 radiative	 recombination	 plays	 a	 greater	 role.	 The	radiative	rate	is	proportional	to	n2	with	the	intensity.				
3.6.2	Components	of	PL	setup		The	 main	 components	 of	 a	 typical	 PL	 system	 consist	 of	 a	 laser,	 lenses	 to	 align	 the	 laser	beam,	 detectors	 and	 spectrometer.	 Additional	 components	 include	 a	 microscope	 with	magnification	 lenses	 for	micro-PL	and	cryostat	 for	temperature-dependent	measurements.	Figure	3.16	shows	the	typical	setup	for	photoluminescence	spectroscopy.			
	







For	narrow	bandgap	(above	1600	nm)	samples	such	as	high	In	concentration	InGaAs	nanowires	discussed	in	chapter	3,	macro-PL	measurements	on	ensembles	of	nanowires	are	carried	 out	 with	 a	 continuous-wave,	 frequency	 doubled	 Nd:YAg	 laser	 (532	 nm),	 liquid	nitrogen	cooled	mercury	cadmium	telluride	(MCT)	detector	connected	to	a	lock-in-amplifier	by	collaborators	at	University	of	Oxford.	





































Pure zinc-blende phase high Indium 
InxGa1-xAs	nanowires	grown	by	two-temperature	growth	method	







4.1	 Introduction		Crystal	quality	 is	highly	 important	 to	ensure	 the	performance	of	nanoscale	semiconductor	devices.	 In	 recent	 years,	 much	 work	 has	 been	 devoted	 to	 improving	 and	 controlling	 the	crystal	 phase	 of	 nanowires	 [1]–[6].	 High	 crystal	 phase	 purity	 nanowires	 with	 no	 defects,	twinning	 or	 stacking	 faults	 are	 highly	 essential	 to	 exploit	 the	 full	 potential	 of	 nanowire	related	 devices.	 Nanowire	 crystal	 phase	 are	 affected	 by	 the	 growth	 conditions	 such	 as	growth	 temperature,	 V/III	 ratio	 and	 flow	 rate	 [1]–[6].	 One	 of	 the	 methods	 shown	 to	 be	successful	 in	producing	perfect	ZB	phase	nanowires	for	Au-assisted	GaAs	nanowires	 is	the	two-temperature	 growth	 method	 [6].	 This	 method	 involves	 growing	 GaAs	 nanowires	sequentially	 in	 two	 different	 growth	 temperature	 regimes.	 A	 higher	 initial	 growth	temperature	 known	 as	 the	 nucleation	 temperature,	 Tn,	 enables	 nanowires	 to	 nucleate	properly	 for	 vertical	 growth.	 Then,	 the	 temperature	 is	 lowered	 to	 another	 growth	temperature,	 Tg,	 while	 the	 nanowires	 continue	 to	 grow.	 The	 subsequent	 low	 growth	temperature	 eliminates	 the	 twinning	 and	 minimizes	 tapering	 which	 exist	 for	 nanowires	grown	with	single-growth	temperature	[6].	In	 the	 quest	 of	 achieving	 similar	 results	 from	 the	 GaAs	 nanowires,	 this	 chapter	studies	 InxGa1-xAs	 nanowire	 growth	 using	 the	 two-temperature	 growth	method.	However,	since	the	ternary	InxGa1-xAs	 is	more	complicated	than	the	binary	GaAs,	 the	results	reveal	a	few	challenges	such	as	limitation	of	Ga	incorporation	and	composition	inhomogeneity	along	the	 nanowire.	 It	 is	 believed	 that	 this	 is	 due	 to	 higher	 competition	 between	 the	Ga	 and	 In	adatoms	 at	 the	 low	 temperatures	due	 to	 the	 large	difference	of	 decomposition	parameter	and	 the	 difference	 in	 diffusion	 lengths	 of	 Ga	 and	 In	 adatoms	 [7].	 Hence,	 a	 deeper	understanding	 of	 the	 growth	 of	 ternary	material	 is	 achieved,	which	 could	 be	 implied	 not	only	 for	 InxGa1-xAs	nanowire	growth,	but	 for	other	 ternary	materials	 too.	Nonetheless,	 the	two-temperature	 growth	 is	 found	 to	 be	 successful	 for	 growing	 uniform,	 pure	 zinc-blende	phase	InxGa1-xAs	nanowires	with	high	In	concentration	within	a	limited	growth	window.	







(AsH3).	The	growths	begin	with	an	annealing	step	in	AsH3	ambient	at	600	°C		for	10	minutes.	Two	 temperatures	 were	 used	 in	 this	 set	 of	 experiments	 referred	 as	 the	 nucleation	temperature	 Tn	 and	 growth	 temperature	 Tg.	 The	 temperature	 was	 ramped	 down	 to	nucleation	 temperature	 straight	 after	 the	 annealing	 process.	 The	 nucleation	 time	 was	 1	minute	in	AsH3	and	the	group	III	precursors,	TMGa	and	TMIn.	The	temperature	was	further	ramped	down	 to	growth	 temperature	while	 all	 three	precursors	 continue	 to	 flow	 into	 the	reactor.	The	growth	time	at	Tg	together	with	the	time	for	the	temperature	to	drop	from	Tn	to	Tg	 	 (~3-7	minutes)	 is	kept	constant	at	20	minutes	 for	all	experiments	 in	 this	chapter.	The	growth	ended	by	removing	the	group	III	precursors	and	cooling	down	to	room	temperature.	AsH3	was	only	removed	when	the	temperature	had	cooled	to	200	°C	to	protect	 the	sample	from	 decomposing.	 The	 nucleation	 temperature	 was	 kept	 constant	 at	 450	 °C	 in	 all	experiments	 while	 the	 growth	 temperature	 was	 varied	 from	 400	 to	 350	 °C.	 Further	investigations	on	the	effect	of	TMIn	molar	ratio	in	vapour	phase,	Xv(In)	=	TMIn/(TMIn+TMGa)	were	carried	out	in	the	range	of	0.10	to	0.30	while	maintaining	the	total	group	III	flow	rate	at	 1.3	 x	 10-5	mol/min.	 The	 V/III	 ratio	 was	 maintained	 at	 40	 in	 all	 sets	 of	 experiments	presented	in	this	chapter.			Nanowires	 were	 characterized	 by	 field-emission	 scanning	 electron	 microscopy	(FESEM)	 and	 transmission	 electron	 microscopy	 (TEM).	 Nanowire	 cross-sections	 were	prepared	by	ultra-microtome	as	previously	discussed	in	chapter	2.	The	cross-sections	were	characterized	 by	 scanning	 transmission	 electron	 microscopy	 (STEM)	 with	 an	 energy	dispersive	x-ray	(EDX)	spectroscopy	to	 investigate	the	composition	distribution	across	the	nanowires.		
























increases	 [8,	21].	This	 is	due	to	the	 increase	 in	 the	amount	of	available	adatoms	(due	to	more	
decomposition)	with	 increasing	temperature.	This	 is	 also	 supported	 by	 the	 parasitic	 growth	on	 the	 substrate,	which	 is	 found	 to	be	more	prominent	 in	 the	higher	growth	 temperature	sample	as	seen	in	figure	4.2	a).	The	difference	in	growth	rate	can	also	indicate	a	difference	in	composition	 between	 the	 two	 samples.	 As	 previously	 shown	 by	 Kohashi	 et	 al.	 in	 their	selective-area	 growth	 of	 InxGa1-xAs	 nanowires,	 growth	 rate	 can	 be	 highly	 related	 to	composition	[9].		
	
















Despite	the	limitation	of	Ga	incorporation,	the	crystal	phase	is	found	to	improve	as	compared	 to	 the	 single-growth	 temperature	 method.	 Stacking	 faults	 are	 eliminated	 and	pure	ZB	phase	is	attained.	Figure	4.4	shows	the	TEM	image	of	the	two-temperature	growth	at	 Tg	 =	 375	 °C	 showing	 an	 improved	 crystal	 phase	 as	 opposed	 to	 the	 single	 growth	temperature	shown	previously	in	figure	4.1.	The	two-temperature	sample	shows	a	pure	ZB	phase	as	shown	by	the	representative	high-resolution	TEM	(HRTEM)	image	in	figure	4.4	b).	The	only	exceptions	are	at	the	base	which	is	grown	at	the	nucleation	temperature	and	twins	near	the	tip	area	of	the	nanowire	as	shown	by	the	arrows	in	TEM	image	in	figure	4.4	c).		
	







4.4	Effect	of	flow	ratio	of	precursors					In	 the	 previous	 section,	 it	 was	 shown	 that	 high	 quality	 ZB	 phase	 InxGa1-xAs	 has	 been	successfully	grown.	However	the	composition	is	found	to	be	far	from	the	nominal	ratio	and	of	 high-In	 concentration.	 Tuning	 the	 flow	 ratio	 of	 the	 precursors	 is	 anticipated	 to	 be	 the	simplest	way	to	tune	the	composition	of	alloy	compound	semiconductor.	However,	this	has	been	 found	 to	 be	 challenging	 and	 critical	 in	 growth	 of	 ternary	 nanowires	 as	 it	 strongly	affects	 their	 nucleation,	 crystal	 phase	 and	 morphology	 [14]–[16].	 Reports	 have	 shown	transformations	in	the	crystal	phase	with	variation	of	precursor	ratio.	Kohashi	et	al.	[9]	has	reported	that	the	growth	rate	of	GaAs	nanowires	and	InAs	nanowires	differs	which	in	turn	correlates	 to	 the	 growth	 rate	 of	 InxGa1-xAs	 nanowires	 at	 various	 growth	 temperatures.	Although	 these	 reports	 are	 focused	 on	 the	 growth	 of	 selected-area	 InxGa1-xAs	 nanowires	with	no	foreign	metal	catalyst,	there	is	a	clear	indication	that	group	III	precursor	ratio	may	not	only	affect	ternary	nanowire	composition	but	also	their	crystal	phase	and	morphology.	In	this	section,	investigation	on	how	the	nominal	ratio	of	precursors	flow,	Xv	affects	the	final	concentration	of	Au-seeded	InxGa1-xAs	nanowires	is	carried	out.	This	study	provides	further	knowledge	 of	 the	 ability	 to	 tune	 the	 composition	 of	 InxGa1-xAs	 nanowires	within	 the	 two-temperature	growth	mode.	Two	more	 InxGa1-xAs	 nanowire	 samples	with	Xv(In)	 =	 0.15	 and	 0.10	were	 grown	 in	addition	to	the	sample	with	Xv(In)	=	0.30	discussed	earlier	in	the	chapter.	The	SEM	and	TEM	images	 are	 shown	 in	 figure	 4.5.	 	 From	 the	 SEM	 images,	 the	 axial	 growth	 rate	 of	 the	nanowires	 is	 observed	 to	decrease	with	decreasing	Xv(In).	 This	 could	be	mainly	 due	 to	 the	lower	growth	rate	of	GaAs	as	opposed	to	 InAs	[17].	Figure	4.5	(d-f)	shows	the	TEM	image	representing	 the	 crystal	 phase	 of	 nanowires	 grown	 with	 Xv(In)	 =	 0.30,	 0.15	 and	 0.10	respectively.	The	crystal	phase	is	found	to	maintain	a	ZB	phase	without	defects	for	the	three	
Xv(In)	 values	 investigated	 here.	 However,	 strain	 contrast	 is	 clearly	 observed	 as	 the	 Xv(In)	decreases	 from	 0.30	 to	 0.10.	 This	 indicates	 that	 a	 spontaneous	 shell	 with	 a	 different	composition	 than	 the	core	nanowire	 is	 formed	on	 the	sample	grown	with	Xv(In)	lower	 than	0.30.	 Further	EDX	measurements	 shown	 in	 figure	4.6	of	 InxGa1-xAs	nanowires	 grown	with	

















Further	confirmation	of	the	radial	composition	distribution	is	obtained	by	analyzing	the	 nanowire	 cross-section.	 Figure	 4.7	 (a-f)	 shows	 the	 EDX	 mapping	 of	 Ga	 and	 In	distributions	across	the	nanowire	cross	section	taken	1	µm	above	the	base	for	the	samples	grown	with	Xv(In)	=	0.30	 	and	0.10.	 	 In	both	samples,	 the	 final	shape	of	 the	nanowire	cross-section	is	an	equilateral	triangle	with	{112}	side	facets	as	determined	from	the	SEM	image	with	reference	 to	 the	cleaved	edge	as	outlined	 in	chapter	2.	Nanowires	grown	with	Xv(In)	=	0.30	 shows	 that	 they	 have	 a	 uniform	 cross-section	 with	 very	 little	 Ga	 and	 no	 significant	segregation	as	shown	by	figure	4.7	(a-c).	A	contrast	of	core	and	shell	is	observed	for	InxGa1-
xAs	 nanowires	 grown	with	Xv(In)	=	 0.10	 as	 shown	 by	 figure	 4.7	 (d-f).	 Ga	 is	 observed	 to	 be	higher	in	the	core	than	in	the	shell	region,	i.e.	higher	In	content	in	the	shell.	Similar	situation	is	 expected	 for	 nanowires	 grown	 with	 TMIn/TMGa	 flow	 ratio	 of	 0.15.	 The	 spontaneous	formation	 of	 a	 core-shell	 structure	 has	 been	 previously	 reported	 for	 many	 ternary	nanowires	due	to	the	competition	between	the	alloy	species	towards	axial	and	radial	growth	[18]–[20].		
	







composition	taken	from	the	core	area	in	the	cross-section	maps	and	thus	can	be	attributed	as	the	core	composition.		As	can	be	observed	in	the	plot	of	figure	4.8,	there	is	an	increase	in	Ga	incorporation	into	the	core	as	Xv(In)		decreases.	This	is	due	to	the	increase	in	the	amount	of	 Ga	 species	 availability	 with	 the	 increase	 of	 TMGa	 flow	 rate.	 The	 higher	 amount	 of	 Ga	species	allows	more	Ga	adatoms	to	be	captured	by	the	Au	alloy	particle	hence	incorporating	more	Ga	into	the	nanowire	core.	This	indicates	that	the	group	III	precursor	flow	ratio	can	be	used	 for	 tuning	 the	composition	of	pure	ZB	 InxGa1-xAs	nanowires	via	 the	 two-temperature	growth	method.	However,	at	Xv(In)	=	0.30,	 In	dominates	the	core	growth.	Furthermore,	in	all	
cases,	 the	 radial	 growth	 is	 dominated	by	 In-rich	 InxGa1-xAs	 creating	 a	 core-shell	 type	 structure	
with	 Ga-rich	 core.	 This	 is	 mainly	 due	 to	 the	 higher	 radial	 growth	 rate	 of	 InAs	 than	 GaAs	









4.6	Summary		In	 summary,	 the	 growth	 of	 ternary	 InxGa1-xAs	 nanowires	 via	 the	 two-temperature	 growth	method	has	been	successfully	demonstrated	to	form	a	pure	ZB	structure	although	limited	in	composition	 tunability.	 	 Growth	 at	 low	 temperature	 is	 highly	 sensitive	 as	 there	 is	 a	significant	 difference	 in	 the	 decomposition	 rates	 of	 TMGa	 and	 TMIn	 and	 the	 competition	between	 In	 and	 Ga	 adatoms	 at	 these	 temperatures.	 The	 presence	 of	 In	 often	 dominates	growth	due	to	higher	In	diffusion	length	as	compared	to	Ga.	It	is	challenging	to	incorporate	more	 Ga	 into	 the	 core	 of	 the	 nanowires	while	maintaining	 a	 highly	 uniform	 composition	along	the	nanowires	due	to	the	competing	In-rich	radial	growth.		The	results	and	understanding	gained	from	this	experimental	study	produces	high-In	content	InxGa1-xAs	nanowires	with	high	purity	crystal	structure	and	uniform	composition.		
This	is	useful	for	devices	requiring	high-In	content	InxGa1-xAs	or	in	applications	which	can	replace	
InAs	which	suffers	from	leakage	current	in	transistor	applications	[23].	This	 is	due	to	the	larger	

























































































































performance	 [15],	 [16].	 Defects	 act	 as	 carrier	 scattering	 or	 trap	 centers,	 thus	 degrading	device	performance	and	reducing	yield.	Hence,	 it	 is	essential	to	simultaneously	control	the	crystal	structure	and	composition	homogeneity	in	ternary	alloy	nanowires	to	optimise	their	utilization.			In	 this	 chapter,	 an	 in-depth	 analysis	 of	 InxGa1-xAs	 nanowires	 grown	 with	 various	growth	 temperatures	 and	 V/III	 ratio	 is	 presented.	 Sections	 5.3	 and	 5.4	 of	 this	 chapter	discuss	 the	 effect	 of	 growth	 temperature	 and	 V/III	 ratio	 on	 nanowire	 morphology,	composition	and	crystal	structure	while	section	5.5	briefly	investigates	the	effect	of	Au-seed	particle	 size.	 From	 the	 systematic	 study	 presented,	 tunability	 of	 the	 composition	 can	 be	achieved	by	varying	the	growth	temperature	and	the	V/III	ratio	despite	keeping	the	nominal	In/Ga	ratio	constant.	 It	 is	also	 found	 that	 the	crystal	phase	 is	 tunable	by	varying	 the	V/III	ratio	alone.	Ga	incorporation	is	found	to	increase	with	the	amount	of	ZB	phase	suggesting	a	correlation	 between	 the	 composition	 and	 the	 crystal	 phase.	 There	 is	 a	 direct	 correlation	between	 defect	 density	 and	 tapering	 of	 the	 nanowire	 suggesting	 that	 the	 nanowires	 are	more	uniform	when	they	have	a	high-quality	crystal	phase.	Pure	phase	WZ	nanowires	with	uniform	 composition	 and	 morphology	 are	 successfully	 achieved	 and	 are	 shown	 to	 be	reproducible	 even	 for	 longer	 growth	 period	 thus	 allowing	 long	 nanowires	 to	 grow.	Photoluminescence	(PL)	measurement	on	In0.65Ga0.35As	WZ	nanowires	capped	with	InP	shell	shows	 luminescence	 at	 room	 temperature	 at	 about	1.54	µm,	which	 is	 below	 the	 expected	wavelength	 for	 ZB	 phase	 In0.65Ga0.35As.	 The	 shift	 suggest	 a	 compressive	 strain	 in	 the	nanowire	 core	due	 to	 the	 InP	 shell	 in	 combination	with	 the	 expected	 shift	 due	 to	 the	WZ	phase.	







varying	 the	 molar	 flow	 of	 AsH3	 in	 the	 range	 of	 1.8	 ×	 10−5	 –	 6.0	 ×	 10−4	 mol.min−1	corresponding	to	nominal	V/III	ratios	of	1.4–40.0.	Growth	time	was	set	constant	at	20	min,	unless	otherwise	noted.	Nanowires	 were	 investigated	 using	 field-emission	 scanning	 electron	 microscopy	(FESEM)	 and	 transmission	 electron	 microscopy	 (TEM).	 Cross-sections	 of	 the	 nanowires	were	 prepared	 by	 slicing	 40	 nm	 segments	 from	 embedded	 nanowires	 using	 an	 ultra-microtome	as	detailed	 in	chapter	3.4.2.	Composition	mapping	was	 investigated	by	energy-dispersive	 X-ray	 (EDX)	 spectroscopy	 in	 a	 scanning	 transmission	 electron	 microscopy	(STEM)	system	with	an	electron	beam	spot	 size	of	0.5	nm.	The	measurement	error	 in	 the	composition	 is	 in	 the	 range	 of	 ±4	 atomic	 percent	 based	 on	 reference	 GaAs	 and	 InAs	nanowires	samples	as	previously	discussed	in	chapter	3.5.3.		PL	measurements	were	 carried	 out	 by	 collaborators	 in	 Oxford	 University,	 using	 a	custom-built	module	attached	to	a	Fourier	transform	infrared	spectrometer	(FTIR)	(Bruker	Vertex	80v).	The	module	included	a	continuous-wave,	frequency	doubled	Nd:YAG	laser	(λ	=	532	nm)	source,	excitation	and	collection	optics,	and	an	integrated	cold	finger	helium	flow	cryostat.	 After	 passing	 through	 the	 FTIR,	 PL	 was	 detected	 using	 a	 liquid	 nitrogen	 cooled	mercury	 cadmium	 telluride	 detector	 connected	 to	 a	 lock-in	 amplifier	 (Stanford	 SR830).	Nanowire	ensembles	were	transferred	from	the	growth	wafer	to	quartz	substrate	by	gentle	rubbing	to	avoid	misreading	the	signals	coming	from	the	overgrowth	on	the	substrate.	The	full-width	half	maximum	of	the	spot	size	and	power	of	the	laser	at	the	sample	were	0.9	mm	and	5.3	mW	respectively,	giving	an	average	excitation	intensity	of	0.2	Wcm−2	over	a	typical	ensemble	of	>1000	nanowires.	
5.3	Effect	of	growth	temperature	and	V/III	on	morphology	and	






















extends	from	the	nanowire	sidewalls	to	the	substrate	region.	Such	a	low	V/III	ratio	and	low	supersaturation	 regime	 is	 therefore	 experimentally	 observed	 to	 virtually	 suppress	 the	driving	force	for	radial	growth.	The	fundamental	reason	for	this	behaviour	will	be	discussed	in	the	next	section	as	the	growth	of	the	nanowires	are	related	to	their	crystal	structure.	
5.4	Effect	of	growth	temperature	and	V/III	ratio	on	crystal	








Figure	5.2:	(a)	45°-tilted	FESEM	view	of	nanowires	grown	at	growth	temperature	of	450	°C	and	a	V/III	ratio	of	40.	 	(b)	HRTEM	image	of	the	nanowire	showing	a	mixed	phase	of	zinc-blende	with	twins	and	wurtzite	segments.	The	inset	on	the	bottom	left	is	the	SAED	pattern	from	 the	 same	nanowire.	 (c)	HAADF	 image	 of	 a	 single	 nanowire	with	 corresponding	EDX	line	 scan	 along	 the	 nanowire	 (d-g)	 The	 cross-section	 of	 a	 similar	 nanowire	 presented	 in	HAADF	image	and	EDX	cross-section	mapping	of	Ga,	In	and	the	overlay	of	In	and	Ga	showing	a	spontaneous	formation	of	a	core-shell	structure	with	higher	Ga	concentration	in	the	core.			







(precipitated	 under	 the	 droplet	 at	 the	 droplet/crystal	 interface)	 but	 also	 via	 the	 VS	mechanism	on	the	sidewalls.	This	shows	a	clear	suppression	of	the	spontaneous	core-shell	structure	formation	with	higher	growth	temperature.			
	
	



































































































Figure	5.11:	a)	HAADF	image	of	the	tip	area	of	80	nm	Au-seeded	nanowire.	(b-e)	EDX	maps	of	 Au,	 Ga,	 In	 and	 the	 overlay	 of	 all	 there	 images	 showing	 the	 composition	 distribution	around	the	tip	area	of	the	80	nm	Au-seeded	nanowire.		
5.6	Optical	properties	of	WZ	InxGa1-xAs	/InP	nanowire	core-shell	
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	As	previously	presented	in	chapter	2,	ternary	nanowires	are	interesting	as	they	allow	for	the	desired	bandgap	tunability	simply	by	changing	the	alloy	fraction	of	the	ternary	compound.	However,	they	bring	additional	complexity	in	terms	of	understanding	and	control	because	of	compositional	 and	 structural	 inhomogeneity	 due	 to	 segregation	 [2],	 intermixing,	 different	diffusion	coefficients	for	each	species,	composition-dependent	crystal	structure	[3],	[4]	and	differing	 incorporation	 pathways	 for	 each	 element	 at	 the	 Au	 alloy	 particle-nanowire	interface	or	on	the	exposed	sidewalls	[2],	[5],	[6].	This	has	been	discussed	earlier	and	more	references	can	be	found	in	chapter	2.	Improving	our	fundamental	understanding	of	ternary	nanowire	 growth	 and	 composition	 evolution	 as	 a	 function	 of	 directly	 accessible	experimental	 parameters	 would	 therefore	 be	 crucial	 to	 achieve	 better	 control	 over	 the	device	structures.			 There	 has	 been	 a	 great	 amount	 of	 theoretical	 and	 modelling	 work	 in	 trying	 to	enhance	the	understanding	of	single	and	binary	nanowire	growth	in	the	past	decades	[7]–[13].	These	works	have	served	as	a	fundamental	conceptual	toolkit	towards	controlling	the	growth	of	nanowires.	Despite	recent	 interest	 [14]–[16],	 true	understanding	and	modelling	of	ternary	III-V	nanowires	obtained	by	the	VLS	mechanism	with	Au	catalysts	is	still	lacking.	This	 is	 due	 to	 several	 issues	 such	 as:	 (i)	 complex	 equilibrium	 phase	 diagrams	 and	 non-equilibrium	chemical	potentials	of	quaternary	alloys	such	as	Au-Ga-In-As	 in	our	case	 [17],	(ii)	uncertainties	 in	determining	the	composition	of	 the	 initial	critical	nucleus	even	 if	both	Au	alloy	particle	 and	 solid	 compositions	were	 exactly	 known,	 (iii)	 absence	of	 any	data	on	relevant	surface	energies	of	different	interfaces	and	(iv)	lack	of	reliable	data	on	the	kinetic	parameters	(diffusion	lengths,	desorption	rates	of	As	etc.)	as	a	function	of	the	composition.	Therefore,	 the	 existing	 approach	 based	 on	 chemical	 potentials,	 surface	 energies,	 and	 the	Zeldovich	 nucleation	 rate	 for	 macroscopic	 islands	 [8],	 [18],	 [19]	 as	 presented	 earlier	 in	chapter	 2,	 may	 require	 some	 crude	 assumptions	 which	 cannot	 be	 easily	 checked	 against	experimental	data.	Consequently,	a	simple	model	for	complex	growth	phenomena	in	InxGa1-






findings.	The	final	nanowire	axial	growth	rates	and	compositions	as	a	 function	of	different	experimentally	 controlled	 conditions	 together	with	 fittings	 from	 the	model	 are	 presented	and	 discussed.	 The	main	 parameters	 that	 are	 expected	 to	 influence	 the	 nanowire	 growth	and	 composition	 are:	 Au	 alloy	 particle	 diameter,	 V/III	 flow	 ratio	 in	 vapour	 and	 growth	temperature.	 The	model	 is	 capable	 of	 describing	 the	main	 experimental	 trends	 and	most	importantly,	may	serve	as	the	first	step	toward	establishing	a	more	advanced	understanding	of	the	growth	of	ternary	nanowires.	
6.2	Scientific	hypotheses	and	assumptions	for	the	model	
6.2.1	General	context	of	the	growth	model		The	schematic	for	Au-seeded	growth	of	InxGa1-xAs	nanowires	in	metal-organic	vapour	phase	epitaxy	 (MOVPE)	 reactor	 is	 illustrated	 in	 figure	 6.1.	 The	 trimethlyindium	 (TMIn),	trimethylgallium	 (TMGa)	 and	 arsine	 (AsH3)	 precursors	 arrive	 at	 different	 surfaces	 from	vapour	 in	 a	 given	 proportion,	 dissociate	with	 different	 temperature-dependent	 rates,	 and	incorporate	on	the	sidewalls	by	the	vapour-solid	(VS)	mechanism,	or	through	the	Au	alloy	particle	 {111}B	 surface	 by	 the	 vapour-liquid-solid	 (VLS)	mechanisms.	 VS	 and	VLS	 are	 the	two	generic	mechanisms	that	govern	the	growth	and	final	morphology	of	the	nanowire.	The	Au	alloy	particle	size,	however,	should	be	preserved	during	steady-state	growth.		
	








The	 composition	 of	 the	 Au	 alloy	 particle	 during	 the	 growth	 of	 nanowires	 is	specifically	important	for	growth	of	alloy	nanowires	with	three	or	more	species	as	it	should	correlates	 to	 the	 final	 nanowire	 composition.	 However,	 it	 is	 difficult	 to	 determine	 the	composition	 of	 the	 Au	 alloy	 particle	 during	 the	 growth	 due	 to	 the	 limitation	 of	 currently	available	 in-situ	 experimental	 techniques.	 Based	 on	 some	 of	 the	 ex-situ	 post	 growth	measurements	of	the	Au	alloy	particle	composition	as	presented	earlier	in	chapters	4	and	5	including	some	of	others	 reports	 [6],	 [14],	 the	composition	of	 the	Au	alloy	particle	 should	reflect	closely	the	composition	of	the	final	nanowire.	To	clarify,	it	is	noted	that	in	some	cases	this	assumption	may	not	be	valid,	since	it	has	been	suggested	that	In	species,	although	found	post-growth	in	the	Au	alloy	particle,	may	not	be	precipitated	into	the	solid	nanowire	phase	[11].		 Therefore,	 in	 this	 model,	 the	 relative	 atomic	 concentrations	 of	 In	 and	 Ga	 are	assumed	 to	be	 the	 same	 in	 the	 liquid	and	 solid	 states,	hence	 the	nanowire	 composition	 is	given	by	
𝑥!" = !!"!!"!!!" ;   𝑥!" = !!"!!"!!!",			 	 	 (1)	where	𝑥!"	and	𝑥!"		are	the	atomic	concentrations	of	In	and	Ga	atoms	in	the	nanowire	while	and 	are	the	atomic	concentrations	in	the	Au	alloy	particle.		
This	 invariant	 composition	 assumption	 implies	 a	 transport-limited	 regime	 of	nanowire	 growth	 rather	 than	 a	 nucleation-limited	 growth	 mode	 in	 which	 the	 liquid	 and	solid	 composition	 can	 be	 very	 different	 for	many	 reasons	 (preferential	 nucleation	 and/or	two-dimensional	growth	of	one	compound	versus	the	other,	non-stoichiometric	nuclei	etc.).			
6.2.3	Nucleation	model	







nanowires	 [20].	 Clearly,	 the	 classical	 model	 for	 macroscopic	 island	 with	 well-defined	boundaries	is	hardly	suited	to	describe	such	situations.	Furthermore,	lack	of	knowledge	on	the	 parameters	 such	 as	 the	 surface	 energies	 and	 chemical	 potential	 for	 complex	quarternary/ternary	system	required	for	assumptions	in	the	classical	Zeldovich	nucleation	model	would	lead	to	more	uncertainties.	Hence,	in	this	chapter,	the	irreversible	growth	model	is	adopted	as	a	better	solution	in	obtaining	more	understanding	on	the	growth	of	Au-seeded	InGaAs	nanowires.	Nucleation	is	irreversible	if	a	dimer	(i.e.,	a	nucleus	formed	by	the	meeting	of	two	adatoms)	is	thermally	stable	and	evaporation	is	neglected.	In	such	case,	the	nucleation	rate	depends	on	attachment	rate	 constant	 that	 is	 related	 to	 the	 diffusion	 coefficient	 and	 the	 capture	 rate	 unlike	 in	Zeldovich	nucleation	 rate	where	 the	Zeldovich	 factor	will	 depend	on	whether	 the	nucleus	will	grow	or	shrink.		Recently,	the	irreversible	growth	model	is	reported	to	provide	insight	into	a	 larger	range	of	growth	conditions	beyond	 the	nucleation	which	 includes	 transitions	from	mononuclear	 to	polynuclear	 regime	and	also	 the	atomistic	growth	of	VLS	nanowires	[21].		 As	in	the	irreversible	growth	models	[21],	[22]	and	in	line	with	the	first	assumption	on	the	uniform	composition,	we	write	the	nucleation	rate,	𝐽,	in	the	form	of			𝐽 = 𝜎𝐷!"𝑛!"! (𝑛!"! + 𝑛!"! )	 	 	 	 (2)	Here,	𝐷!" is	the	As	diffusion	coefficient	in	liquid, 𝑛!! 	are	the	surface	concentration	of	atoms	of	species	𝑘(𝑘 = 𝐴𝑠, 𝐼𝑛,𝐺𝑎)	at	 the	 liquid-solid	 interface	 and	𝜎	is	 the	 capture	 rate	 which	 is	assumed	 identical	 for	𝑘 = 𝐼𝑛,𝐺𝑎.	 Otherwise,	 the	 nanowire	 composition	would	 differ	 from	the	liquid	one	due	to	different	aggregation	probabilities	of	InAs	and	GaAs.		Assuming	 a	 spatially	 homogeneous	 composition	 in	 the	Au	 alloy	 particle	 due	 to	 its	small	dimension	and	high	diffusivities	in	liquid	at	typical	growth	temperatures,	we	can	write		𝑛!! = (ℎ/Ω)𝑐! 	 	 	 	 	 	 (3)		with	ℎ as	 the	 height	 of	 a	monolayer	 and	Ω as	 the	 volume	 per	 III-V	 pair	 in	 the	 solid	 state.	Using	the	atomistic	growth	picture,	we	can	thus	write	the	second	central	assumption	of	the	model	in	the	form	of	






!"!" = ℎ𝜋𝑅!!𝐽,																																																																																(5)																																																																																																												where	𝑅! 	is	the	radius	of	the	nanowire	top.	Here,	the	nucleation	is	assumed	to	be	effectively	mononuclear	[18]	although	the	critical	size	is	close	to	one.	This	holds	only	for	narrow	facets	but	in	fact	Eq.	(5)	will	affect	the	resulting	growth	rate	only	for	small	enough	R.			
6.2.4	Diffusion	transport			Another	important	factor	that	we	have	to	take	into	account,	which	highly	affects	the	growth	of	 nanowires,	 is	 the	 diffusion	 transport	 of	 the	 species	 towards	 the	 nanowire	 growth	interface	 and	 the	 nanowire	 sidewalls.	 This	 factor	 is	 critical	 in	 determining	 the	 final	composition	and	morphology	of	ternary	nanowires.	For	example	the	difference	in	Ga	and	In	diffusion	 length	 is	 believed	 to	 have	 a	 pronounced	 effect	 on	 the	 nanowire	 composition	homogeneity.	
6.2.4.1	Diffusion	transport	of	group	III	species		For	 the	 diffusion	 transport	 of	 both	 group	 III	 species,	 the	 following	 simple	 expression	 is	adopted	from	[18]:		
𝑗! = 2𝑉! 1 + !!!! 1 − !!!!! 	 	 	 	 (6)																																																															for 𝑘 = 𝐼𝑛,𝐺𝑎,	written	for	hemispherical	Au	alloy	particle	with	the	radius	equivalent	to	the	radius	of	the	nanowire	top, 𝑅! .	Here	𝑉! is	the	atomic	vapour	influx	of	the	group	III	species,	accounting	for	the	temperature-dependent	cracking	efficiencies	of	TMIn	and	TMGa	[25].	The	
atomic	 influx,	 Vk	 in	 this	 case	 refers	 to	 the	 deposition	 rate	 of	 In	 or	 Ga	 onto	 the	 substrate	






group	III	species	from	the	Au	alloy	particle	is	insignificant	and	hence	neglected	at	the	typical	growth	temperatures	between	400	and	525	ºC	[18],	[23].		 In	 the	 first	 approximation,	 the	 radial	 growth	 rate	 on	 the	 nanowire	 sidewalls	 is	independent	 of	 height,	 and	hence	 the	nanowire	 shape	 is	 conical	 for	 the	 combined	VLS-VS	and	cylindrical	for	the	purely	VLS	incorporation	pathways,	as	shown	in	Fig.	6.1.	This	radial	growth	can	be	well	described	within	our	model	but	is	not	elaborated	here,	since	it	does	not	affect	the	composition	of	VLS-grown	nanowire	cores,	constituting	the	major	fraction	of	the	nanowire	 material.	 This	 radial	 contribution	 is	 however	 suggested	 as	 the	 future	improvement	for	the	model	as	described	later	in	the	chapter	in	section	6.4.2.			 The	 Au	 alloy	 particle	 can	 maintain	 a	 time-independent	 radius	𝑅! ,	 only	 when	 the	material	influx	of	group	III	atoms	into	the	Au	alloy	particle	equal	their	sink	due	to	nanowire	growth,	i.e.	
𝑥! !"!" = 𝑗! 	 	 	 	 	 	 	 (7)	for 𝑘 = 𝐼𝑛,𝐺𝑎.	Summing	up	Eq.	(7)	for	In	and	Ga,	we	obtain:	𝑑𝐿 𝑑𝑡 = 𝑗!" + 𝑗!" ,	which	gives	the	transport-limited	elongation	rate.		
6.2.4.2	Diffusion	transport	of	As	species	
	Neglecting	surface	diffusion	of	As	species	[22],	[24]	and	accounting	for	its	desorption	from	the	Au	alloy	particle,	the	As-limited	elongation	rate	in	the	steady	state	is	given	by	[25]:	







a	 simple	 solution	 for	 growth	 of	 ternary	 InxGa1-xAs	 nanowires,	 another	 assumption	 of	𝐷!" 𝜆!" ≅ 𝐷!" 𝜆!"	is	made	to	simplify	the	overall	solution.		This	assumption	means	 that	 the	reverse	diffusion	 fluxes	 from	the	Au	alloy	particle	onto	 the	 nanowire	 sidewalls	 is	 the	 same	 for	 both	 group	 III	 species.	 In	 this	 case,	 the	composition	 is	 not	 influenced	 by	 the	 reverse	 diffusion	 fluxes	 from	 the	 Au	 alloy	 particle	[the  −𝑐!/𝑐!! 	terms	 in	 Eq.	 (6)]	 which	 brings	 the	 composition	 ratio	 into	 the	 following	equation:	
!!"!!" = !!"!!" !!!!!"!!!!!" .																																																																						(9)	It	 is	 noted	 that	 this	 solid	 composition	 could	 diverge	 from	 Eq.	 (9)	 due	 to	 (i)	 different	dimerization	 rates	 of	 InAs	 and	 GaAs	 pairs	 [neglected	 earlier	 in	 Eq.	 (4)]	 and	 (ii)	 different	sinks	 of	 In	 and	 Ga	 atoms	 in	 the	 Au	 alloy	 particle,	which	 are	 lumped	 together	 here	 in	 the	parameters	𝐷! 𝜆! 	for	k	=	Ga	and	In	as	per	the	additional	assumption	mentioned	earlier.		Solution	for	the	InxGa1-xAs	nanowire	axial	growth	rate	based	on	equations	(5-8)	is	obtained	in	the	form	of	
!"!" = !!!!! 2𝑉!";𝑦 = 1 + 𝐴 − 𝐵 ! + 4𝐴𝐵 − 1 + 𝐴 − 𝐵 	 	 	 (10)																																																																																									The	coefficients	are	given	by	
𝐴 =  !!!! ! exp !!"!! ;𝑅!! ≡ !!!"!"#!!" !!"!!!"!!"! !! !; 𝐵 = !!"!!!"!!" , 	 	 	 (11)	where  𝑉!" = 𝑉!" 1 + 𝜀 ;  𝑉!" = 𝑉!" 1 + 𝜆!" 𝑅! and	 𝑉!" = 𝑉!" 1 + 𝜆!" 𝑅! are	 the	 total	influx	of	As,	In	and	Ga	atoms	into	the	Au	alloy	particle,	respectively.		
6.3	 Relationship	between	the	model	and	the	experimental	results		To	 further	 enhance	 the	 understanding	 of	 Au-seeded	 InxGa1-xAs	 nanowires	 obtained	 in	 the	experimental	results,	the	model	derived	in	this	chapter	is	fitted	to	the	growth	trends.	Firstly,	the	 data	 for	 the	 composition	 and	 the	 growth	 rate	 were	 extracted	 from	 the	 experimental	work	done	in	chapter	5.	This	trend	provides	a	better	picture	of	the	growth	rate	and	InxGa1-






refinement	of	the	model	as	it	may	involve	a	change	in	the	Au	alloy	phase	and	composition	as	mentioned	earlier	 in	chapter	4.	However,	 it	 is	believed	that	 the	model	can	be	expanded	to	accommodate	 the	 condition.	 This	 possibility	 is	 later	 on	 explained	 in	 section	 6.4	 of	 this	chapter.		Energy-dispersive	 x-ray	 (EDX)	 measurements	 were	 performed	 in	 scanning	transmission	electron	microscopy	(STEM)	mode	for	at	 least	3	nanowires	per	sample	along	the	 [110]	 or	 [1120]	 zone	 axis	 of	~100	nm	areas	 beneath	 the	Au	 alloy	particle.	 Figure	6.2	shows	 the	 typical	method	of	 extracting	 the	nanowire	 composition	with	 the	electron	beam	focused	on	 the	 top	area	of	 the	nanowire.	Careful	 consideration	 is	given	 to	ensure	 that	 the	electron	beam	is	not	in	the	area	right	below	the	Au	alloy	particle	where	axial	growth	could	have	occurred	during	cooling	down	and	to	avoid	radial	growth	contribution	(VS	growth	on	sidewall)	which	may	affect	the	main	composition	as	contributed	due	to	VLS	growth.	 It	has	been	 previously	 shown	 in	 chapters	 4	 and	 5,	 that	 the	 composition	 at	 the	 tip	 area	 mainly	represents	 the	 composition	 of	 the	 nanowire	 through	 VLS	 growth	 mode.	 The	 average	composition	 is	 then	 plotted	 against	 the	 growth	 parameters	 as	 shall	 be	 presented	 in	 the	following	sections.	
	








	Firstly,	we	note	that	the	composition	of	the	ternary	solid	generally	differs	from	the	vapour	composition	 as	 previously	 discussed	 in	 chapter	 4.	 For	 example,	 while	 the	 given	 vapour	composition,	XV(In)	is	0.30,	the	nanowire	composition,	XIn	can	reach	up	to	0.65.	This	effect	has	also	been	previously	reported	in	other	ternary	nanowire	growths	[27]–[29].	To	explain	this,	we	 look	 into	Eq.	 (9)	and	discuss	 the	possible	 reasons	 that	may	allow	 for	such	occurrence.	From	the	equation,	the	nanowire	composition	in	our	model	can	be	different	from	the	vapour	composition	 for	 two	 reasons:	 (i)	 different	 diffusion	 lengths	 of	 In	 and	Ga	 adatoms	 and	 (ii)	different	cracking	efficiencies	of	TMIn	and	TMGa	at	the	growth	temperature.	We	recall	that	𝑉!" 𝑉!"	gives	 the	 ratio	 of	 the	 group	 III	 flux	 entering	 the	 Au	 alloy	 particle	 but	 not	 the	precursor	 fluxes	 impinging	 the	 Au	 alloy	 particle.	 Higher	 In	 composition	 in	 the	 nanowires	than	 in	vapour	requires	either 𝜆!" < 𝜆!"or	𝑉!" < 𝑉!".	The	 former	 inequality	 is	well	known	since	indium	is	a	faster	diffuser	than	gallium.	The	latter	inequality	is	supported,	e.g.,	by	the	data	 by	 Stringfellow	 [30]	 showing	 that	 TMIn	 is	 a	 low-temperature	 precursor	 while	 the	decomposition	of	TMGa	at	 the	solid	surface	starts	only	at	above	400	ºC	and	might	be	very	sensitive	to	the	group	V	 flux.	Hence	the	composition	of	 the	 InxGa1-xAs	alloy	 in	solid	will	be	affected	by	the	growth	conditions.	






Since	the	best	fit	was	achieved	at	𝜆!" = 0,	this	indicates	that	Ga	incorporates	mainly	by	direct	impingement	while	In	have	additional	incorporation	via	migrations	of	In	to	the	Au	alloy	particle	from	the	nanowire	sidewalls.	The	model	fitting	shown	in	Fig.	6.3	are	obtained	at	𝜆!" = 0	,	𝜆!" = 57nm,	𝑅! = 7	nm	and	𝑅!" = 9	nm.	The	cracking	efficiencies	for	TMIn	and	TMGa	are	assumed	 to	be	equal	 to	one	at	500	 ºC	according	 to	Stringfellow	 [30]	 so	 that	 the	ratio	of	Ga	to	In	vapour	atomic	influxes,	𝑉!"/𝑉!" = 7/3	is	given	by	the	vapour	composition.	No	 re-emission	 of	 As	 is	 required	 to	 obtain	 the	 fits	 (𝜀 = 0)	 and	 thus	𝑉!" = 𝑉!" ,	𝑉!" =0.292×𝑉!"	and	𝑉!" = 0.125×𝑉!".	𝑉!" = 71	nm/min	are	used	for	the	overall	normalization	of	the	growth	rates.	
	
Figure	6.3:	Experimentally	determined	nanowire	composition	and	axial	growth	rate	versus	Au	alloy	particle	diameter	at	 fixed	T=500	 ºC,	V/III	 ratio	=	2.4	and	nominal	Ga/In	=	7/3	 in	vapour	(symbols),	fitted	by	the	expressions	used	in	the	model	(solid	lines).	The	dotted	lines	represent	𝑥!"	in	vapour.	
6.3.1.2	InxGa1-xAs	nanowire	composition	and	growth	rate	versus	nominal	V/III	ratio		
	






size.	 For	 low	 V/III	 ratios	 and	 small 𝑅! ,	 growth	 rate	 and	 composition	 are	 limited	 by	 As	transport	in	the	excess	of	group	III	atoms	(where	In	should	reach	very	high	concentrations	as	a	faster	diffuser).	As	the	Au	seed	size	or	V/III	ratio	increases,	VLS	growth	is	transformed	to	 a	 group-III	 limited	 transport	 regime	 such	 that	 the	 growth	 rate	 decreases	 with	𝑅!  and	V/III	 ratio	 and	 saturates	 to	 a	 constant.	 The	Ga	diffusivity	 is	 set	 to	 zero	 for	 all	 V/III	 ratios	(𝜆!" = 0)	as	we	find	that	it	is	the	best	fit	even	for	lowest	V/III	ratio	of	2.4	as	discussed	in	the	previous	section.	Hence,	only	the	suppression	of	 the	In	diffusivity	 for	higher	V/III	ratios	 is	taken	into	account.	For	that	purpose,	we	assume	that	the	diffusion	length	of	In	scales	with	the	As	flux	as	𝜆!" ∝ 1 𝑉!",	i.e.,	the	upward	path	of	In	adatoms	varies	inversely	proportional	to	the	V/III	flux	ratio.	
	









zero,	 which	 suppresses	 the	 axial	 growth	 rate,	 while	 at	 high	 temperatures	 VLS	 growth	 is	suppressed	 by	 the	 As	 desorption.	 The	 In	 content	 in	 solid	 should	 tend	 to	 unity	 at	 low	temperatures	due	to	the	low	cracking	efficiency	of	TMGa.	It	should	also	reach	a	high	value	at	elevated	temperatures	due	to	enhanced	thermally	activated	diffusion	of	In	adatoms.	These	trends	correspond	to	our	experimental	data,	as	shown	in	figure	6.5.	
	
Figure	 6.5:	 Nanowire	 composition	 and	 axial	 growth	 rate	 versus	 growth	 temperature	 at	fixed	V/III	ratio	=	2.4,	nominal	Ga/In	=	7/3	in	vapour	and	2Rd	=	30	nm,	(symbols),	fitted	by	the	expressions	used	in	the	model	(solid	lines).	The	dotted	lines	represent	𝑥!"	in	vapour.	







	 From	 these	 fittings	with	 a	plausible	 set	 of	 parameters	 of	 the	 experimental	 results,	the	model	is	capable	of	describing	all	the	observed	experimental	trends,	namely	the	growth	rate	 and	 composition	 versus	 the	 Au	 alloy	 particle	 diameter,	 V/III	 flow	 ratio	 and	temperature.	 Nonetheless,	 there	 is	 still	 a	 vast	 room	 to	 improve	 the	 model	 further	 to	understand	other	aspects	such	as	crystal	phase	and	radial	composition,	which	can	also	be	used	for	other	ternary	nanowires.		
6.4	Limitation	and	future	improvement	
6.4.1	Composition			Although	 in	 this	 chapter	 it	 was	 found	 that	 the	 simple	 model	 is	 able	 to	 fit	 the	 data	 and	subsequent	 explanations	 to	 the	 evolution	 of	 InxGa1-xAs	 nanowire	 composition,	 there	 are	other	 issues	 that	 can	 affect	 the	 final	 nanowire	 composition.	 For	 example,	 the	 solid	composition	could	diverge	 from	Eq.	 (9)	due	 to	 (i)	different	dimerization	rates	of	 InAs	and	GaAs	pairs	[this	was	neglected	earlier	in	Eq.	(2)]	and	(ii)	different	sinks	of	In	and	Ga	atoms	in	the	Au	alloy	particle	which	in	this	model	was	lumped	together	in	the	parameters	𝐷! 𝜆! 	for	k	=	Ga	and	In.	In	order	to	further	explore	the	possibility	of	how	these	could	affect	growth,	the	model	be	expanded	out	and	explored	to	see	how	they	affect	the	nanowire	composition.	The	 composition	 together	 with	 radial	 growth	 could	 also	 be	 modeled	 to	 provide	 a	 better	picture	on	how	to	control	the	composition	homogeneity	across	the	nanowire	cross-section.		
		
6.4.2	Radial	growth	








	It	is	clear	that	the	crystal	phase	control	is	one	of	the	main	key	aspects	to	improve	the	quality	of	the	nanowires	[34]–[37].	This	has	been	previously	discussed	over	in	chapter	2	and	pure	phase	 InxGa1-xAs	 nanowires	 have	 been	 presented	 in	 chapters	 4	 and	 5.	 However,	 an	interesting	 finding	was	 also	 observed	 in	 chapter	 4	where	 the	 crystal	 phase	was	 found	 to	correlate	 with	 the	 composition.	 This	 is	 definitely	 something	 that	 still	 requires	 further	understanding	 in	 which	 a	 theoretical	 model	 could	 be	 beneficial.	 However	 due	 to	 the	complexity	of	the	quaternary	phase,	lack	of	knowledge	about	certain	parameters	such	as	the	chemical	 potentials	 and	 surface	 energies	 and	 certain	 assumptions	 such	 as	 the	 change	 in	composition	 of	 Au	 alloy	 particle	 with	 growth	 parameters	 cannot	 be	 simplified	 [14],	 [38].	Hence,	 it	 requires	 more	 knowledge	 of	 these	 parameters	 or	 otherwise	 they	 have	 to	 be	derived	from	the	existing	knowledge	of	binary	systems.		
6.5	Conclusions	
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TMIn	and	TMGa	were	at	3.9	×	10−6	and	9.2	×	10−6	mol.min−1,	respectively.	The	growth	time	for	the	nanowire	core	was	45	minutes.	The	InGaAs	core	nanowires	were	seeded	by	30	and	50	nm	Au	 seed	particles	which	 results	 in	 a	WZ	and	ZB	 InGaAs	nanowires,	 respectively	 as	previously	presented	in	chapter	5.	The	WZ	nanowires	obtained	from	the	30	nm	Au	particle	are	almost	defect-free.	On	the	other	hand,	the	50	nm	Au	seeded	ZB	nanowires	are	defective	with	 small	 segments	 of	WZ	phase.	Note	 that	 two	of	 these	 samples	 are	 chosen	despite	 the	defective	phase	of	the	ZB	phase	sample	to	explore	the	shell	growth	in	general	and	to	realize	the	possibility	 of	 tuning	 the	wavelength.	As	previously	presented	 in	 chapter	5,	 nanowires	grown	with	the	growth	parameters	used	here	should	allow	the	nanowire	core	composition	to	be	uniform	with	In	content,	XIn	in	the	solid	nanowire	between	0.50	–	0.65.			After	 the	 core	 growth,	 the	 temperature	 was	 ramped	 up	 to	 a	 shell	 growth	temperature	 of	 550	 ºC.	 The	 temperature	 was	 stabilized	 for	 2	 minutes	 in	 AsH3	 prior	 to	introducing	TMIn,	TMGa	and	PH3	for	InGaP	shell	growth.	The	TMIn	and	TMGa	total	flow	was	1.30	x	10-5	mol.min−1	with	Xv(In),	TMIn/TMIn+TMGa	=	0.50	and	PH33	 flow	was	2.23	 	x	10-5	mol.min−1	 corresponding	 to	 a	 V/III	 ratio	 of	 165.	 Three	 different	 InGaP	 shell	 thicknesses	corresponding	to	the	growth	time	of	3:20,	8:00	and	40:00	were	investigated.	The	nanowire	morphology	and	structural	properties	were	characterized	using	field-emission	 scanning	 electron	 microscopy	 (FESEM)	 and	 transmission	 electron	 microscopy	(TEM).	 Further	 composition	 analysis	 of	 the	 nanowire	 was	 carried	 out	 with	 energy-dispersive	X-ray	(EDX)	spectroscopy	in	scanning	transmission	electron	microscopy	(STEM)	mode.	 Quantitative	 EDX	 measurements	 and	 the	 cross-section	 samples	 fabrication	 were	carried	out	as	described	earlier	 in	chapter	3.	Photoluminescence	on	single	nanowires	was	carried	out	at	room	temperature	using	the	µ-PL	setup	presented	in	chapter	3.6.2	using	633	nm	continuous	wave	HeNe	laser	with	a	spot	size	of	~1	μm2	and	an	excitation	power	of	30	μW.	PL	was	detected	using	nitrogen-cooled	InGaAs	array	detector.		
7.3	 Morphology	and	structural	properties	of	WZ	and	ZB	phase	







shell	heterostructures		Figure	7.1	(a-d)	shows	the	SEM	images	for	WZ	phase	InGaAs	nanowire	with	no	shell,	3:20,	8:00	 and	 40:00	 of	 InGaP	 shell	 growth	 time.	 It	 is	 found	 that	 the	 length	 of	 the	 nanowire	 is	slightly	 reduced	which	 could	 be	 due	 to	 the	 decomposition	 of	 the	 InGaAs	 core	 during	 the	temperature	ramp	up	and	at	high	temperature.	Decomposition	of	WZ	InAs	was	previously	reported	during	InP	shell	growth	at	500	°C	[17].	Similar	reverse	growth	mechanism	has	also	been	 observed	 during	 annealing	 of	 GaAs	 nanowires	 which	 has	 been	 attributed	 to	 the	negative	growth	mechanism	[18].		
	






be	quantified.	Table	7.1	 lists	 the	average	shell	 thickness	and	their	standard	deviation	(SD)	among	the	25	nanowires	measured.		
	




















rest	of	the	nanowire	body.	Further	analysis	with	EDX	composition	mapping	shows	that	this	segment	including	the	region	of	high	density	stacking	faults	directly	underneath	consists	of	InGaP.	The	 initial	 high	density	 stacking	 faults	 could	be	 the	 region	where	 instability	 of	 the	chemical	 potential	 occurs	 while	 the	 Au	 alloy	 particle	 is	 transitioning	 with	 the	 change	 in	vapour	surrounding	it.	Once	the	Au	alloy	particle	reaches	a	stable	condition,	ZB	phase	InGaP	starts	 to	 grow.	 Similar	 occurrence	 in	 formation	of	 heterointerfaces	has	been	observed	 for	Au-seeded	axial	heterostructrues	[23]–[25].	An	overlay	image	of	the	P	and	As	map	is	shown	in	figure	7.3	c).	
	



















where	the	thickness	is	larger	at	the	tip.	This	can	be	attributed	to	preferable	nucleation	sites	which	is	mostly	at	the	tip	due	to	the	formation	of	stacking	faults	during	the	formation	of	the	first	InGaP	segment	as	previously	discussed	for	the	8:00	minute	shell	growth	time	sample.		Enhanced	nucleation	sites	with	stacking	faults	has	been	observed	in	many	reports	[17],	[27],	[28].	 In	particular,	 step	 formation	 from	 the	 stacking	 faults	has	been	observed	 in	 InAs/InP	core-shell	nanowires	 [17].	Therefore,	 in	our	 case,	 the	 initial	 stacking	 faults	 formed	during	the	 first	 InGaP	 segment	 could	 be	 the	 initial	 step	where	 radial	 growth	 starts	 to	 form	 and	continues	to	grow	thus	causing	the	nanowire	to	have	inverse	tapering	morphology.	
	







shell	heterostructures		The	evaluation	of	the	50	nm	Au-seeded	InGaAs/InGaP	nanowires	with	defective	ZB	phase	is	carried	 out	 using	 similar	methods	 previously	 described	 for	 the	 30	 nm	 Au-seeded	 InGaAs	nanowires.	The	growth	evolution	of	 the	shell	with	 the	growth	time	 is	depicted	 in	 the	SEM	image	in	figure	7.6.	The	original	core	InGaAs	nanowires	are	slightly	tapered	with	a	diameter	of	about	140	nm	at	the	base	and	80	nm	at	the	tip.	The	shell	thickness	is	measured	at	mid-length	of	the	nanowires	by	subtracting	the	core	diameter	at	mid-length	(92.4	nm)	from	the	total	 diameter.	 	 The	 average	 shell	 thickness	 and	 their	 standard	 deviation	 among	 the	 25	nanowires	measured	are	listed	in	Table	7.2.	
	














As	 can	 be	 observed	 from	 the	 average	 thickness	 and	 the	 standard	 deviation,	 the	thickness	is	much	higher	for	this	set	of	samples	compared	to	the	30	nm	Au-seeded	samples	discussed	earlier.	This	 could	be	due	 to	 the	higher	nucleation	 rate	on	 the	sidewall	of	 these	defective	ZB	structures.	To	get	more	accurate	thickness	of	the	shell	and	to	gain	more	insight	on	the	shell	growth	on	the	structure,	TEM	analyses	are	performed.	Figure	7.7	a)	shows	the	low	magnification	TEM	 image	 of	 a	 sample	with	 8:00	minute	 shell	 growth	 time	where	 the	defective	nature	of	the	nanowire	could	be	clearly	seen.	SAED	pattern	of	the	nanowire	shown	in	the	inset	of	figure	7.7	a)	indicates	that	the	nanowire	is	predominantly	ZB	with	twins	and	some	WZ	 phase.	 	 Figure	 7.7	 b)	 shows	 an	 EDX	map	 of	 As	 and	 P	 signals	 which	 indicate	 a	relatively	 uniform	 shell	 thickness	 along	 the	 nanowire	 length.	 Further	 EDX	 spot	 analysis	across	 the	 structure	 shown	 in	 figure	 7.7	 d)	 of	 the	 corresponding	 HAADF	 image	 in	 7.7	 c)	shows	that	the	nanowire	has	a	shell	thickness	of	about	20-22	nm	which	agrees	well	with	the	average	thickness	listed	in	Table	7.2.		
	























The	peaks	are	broad	in	both	the	shell	growth	time	of	8:00	and	40:00	samples	with	a	full	width	half	maximum	 (FWHM)	of	 180	 and	160	nm,	 respectively.	 The	broadness	 of	 the	peak	can	be	attributed	to	the	inhomogeneous	shell	growth	on	the	facet	as	discussed	earlier.	However,	 the	 difference	 in	 the	 FWHM	 of	 the	 two	 samples	 is	 not	 substantial,	 indicating	similar	inhomogeneity	in	the	composition.		Apart	 from	the	main	peak,	the	spectrum	for	the	thicker	shell	samples	also	shows	a	lower	 intensity	peak	around	800	nm	which	can	be	attributed	to	the	InGaP	axial	growth	as	shown	earlier	by	the	TEM	analysis.			
7.4.2	Optical	properties	of	ZB	In0.55Ga0.45As/In0.60Ga0.40P	core-shell	
heterostructures		Figure	 7.9	 shows	 the	 PL	 spectra	 for	 the	 50	 nm	 Au-seeded	 InGaAs	 nanowires	with	 InGaP	shell	 growth	 time	 of	 3:20,	 8:00	 and	 40:00.	 Only	 a	 single	 peak	 is	 observed	 for	 all	 three	samples.	 This	 is	 expected	 as	 no	 significant	 InGaP	 axial	 growth	 is	 observed	 for	 these	nanowires.	 The	 peak	 position	 and	 the	 FWHM	 is	 listed	 in	 Table	 7.3	 together	 with	 the	estimated	shift	from	the	unstrained	ZB	In0.55Ga0.45As		(1696	nm	or	0.73	eV).	























 3:20 min (10 nm)
 8:00 min (22 nm)










		With	 the	50	nm	Au-seeded	ZB	phase	 In0.55Ga0.45As,	 the	peak	 shows	 tunability	 shift	towards	 lower	wavelength	 in	 the	 range	 of	 1100	 to	 1300	nm.	This	 indicates	 that	 the	 shell	thickness	is	effective	in	providing	tunability	to	the	emission	wavelength	of	InGaAs	nanowire	core.	 Similar	 shoulder	 peak	 as	 observed	 with	 the	 30	 nm	 Au-seeded	 nanowire	 samples	indicating	 inhomogeneity	 in	 the	 shell	 thickness	 along	 the	 sample	 or	 between	 core-shell	facets	in	the	sample	as	observed	by	the	cross-sectional	TEM.	However,	an	improved	FWHM	is	 observed	 with	 the	 thickest	 shell,	 which	 could	 indicate	 a	 better	 uniformity	 with	 longer	shell	 growth	 time.	 Given	 the	 complexity	 of	 the	 system	 studied	 here,	 further	 studies	 and	modelling	will	be	necessary	to	ascribe	the	physical	origin	of	this	evolution	unambiguously.	









3:20	 1330	(0.93)	 199	 366	(200)	
8:00	 1220	(1.01)	 147	 476	(280)	
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than	 the	 nominal	 In-to-Ga	 provided	 in	 vapour	 due	 to	 the	 diffusion	 length	 of	 In	 which	 is	strongly	dependent	on	the	V/III	ratio.	The	Ga	diffusion	length	is	found	to	be	negligible	for	all	the	cases	investigated	indicating	that	the	Ga	mainly	comes	from	direct	impingement	on	the	nanoparticle.	 Hence	 to	 increase	 the	 amount	 of	 Ga	 in	 the	 nanowire	 solid,	 the	 growth	condition	should	provide	more	Ga	adatoms	such	as	by	increasing	the	growth	temperature	to	provide	more	decomposition	of	TMGa.	 Furthermore,	Ga	may	also	 increase	when	 the	V/III	ratio	is	high	due	to	the	lowering	of	In	diffusion	length.	This	finding	shows	that	the	growth	is	group	 III	 limited	when	 the	V/III	 is	 high	 and	 the	diameter	 is	 large.	This	 insight	provides	 a	better	 view	 of	 the	 growth	 in	 general	 and	 should	 serve	 as	 a	 ground	 for	 further	 studies	 to	understand	the	complex	mechanisms	involved	during	the	growth	of	ternary	nanowires.		Successful	growth	of	InGaAs	nanowires	can	be	challenging	and	complex	as	there	is	only	a	small	growth	windows	for	this	to	happen.	The	growth	window	for	successful	growths	of	uniform,	high	purity	phase	InGaAs	nanowires	is	highly	likely	to	change	with	the	change	in	composition	 thereby	 making	 it	 challenging	 to	 tune	 the	 composition	 of	 InGaAs	 while	maintaining	the	high-quality	crystal	structure.	Hence,	another	method	of	accessing	bandgap	tunability	 is	 essential	 such	 as	 applying	 strain	 to	 the	 core-shell	 structure.	 The	 growth	 of	strained	InGaAs/InGaP	core-shell	nanowires	is	discussed.	Growth	on	the	WZ	phase	InGaAs	shows	 inhomogeneity	 in	 shell	 thickness	along	 the	nanowire	while	growth	on	defective	ZB	shows	inhomogeneity	at	the	side	facets.	Nonetheless,	the	bandgap	emission	from	the	InGaAs	core	 can	 be	 tuned	 within	 a	 broad	 range	 of	 interest	 from	 around	 1100	 to	 1420	 nm	 by	changing	 the	 shell	 thickness	 as	 a	 result	 of	 strain-induced	 blueshift.	 This	 technique	 is	promising	for	extending	the	range	of	InGaAs	nanowires	in	the	near	infra-red	applications.	






Mass	 transport	 is	 found	 to	 affect	 the	 growth	 substantially	 and	 thus	 needs	 to	 be	controlled	 in	 such	 a	way	 that	 the	 growth	 should	 be	 in	 the	 regime	where	 diffusion	 length	plays	 a	 limited	 role	 (e.g.,	 high	 density	 nanowires).	 Relatively	 high	 growth	 temperature	should	 provide	 a	 better	 proportion	 of	 the	 competing	 group	 III	 species	 and	 eliminate	 the	possibility	of	decomposition	 issues.	Tunability	with	high	compositional	homogeneity,	pure	crystal	 phase	 and	 uniform	 composition	 supposedly	 can	 potentially	 be	 achieved	 with	 by	varying	 the	TMIn/TMGa	supply	 ratio,	which	has	not	been	explored	 in	detail	 for	 the	single	temperature	growth.	To	extend	the	growth	understanding	of	alloy	systems,	a	quaternary	system	such	as	InGaAsP	 can	 be	 explored.	 Potentially,	 the	 effect	 of	 group	 V	 on	 the	 growth	 of	 quaternary	system	could	be	also	of	 interest	due	to	 its	profound	effect	on	the	crystal	phase	as	recently	reported	 [3],	 [4].	 Hence,	 having	 two	 group	 V	 species	 could	 bring	 interesting	 and	 new	understanding	towards	growth	of	alloy	semiconductor	nanowires.	Figure	8.1	is	the	result	of	a	preliminary	growth	of	 InGaAsP	nanowires	showing	a	complex	 irregular	morphology	due	to	 a	modulation	 of	 the	 faceting	 along	 the	 nanowire.	 High	 resolution	 TEM	 shows	 that	 the	nanowire	has	a	 self-modulated	crystal	phase	along	 the	axial	direction	with	pure	ZB	phase	and	As-rich	defective	regions.	
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